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Magnetospheric and High-Latitude
Ionospheric Electrodynamics

I. INTRODUCTION

This report deals with the volume of space that is bounded externally by

the magnetopause, and internally by the plasmapause and the high-latitude iono-

sphere at an altitude of 300 km. The magnetopause separates regions of space

dominated by the earth's magnetic field (magnetosphere), and by the shocked

solar wind (magnetosheath). Earthward of the plasmapause, dynamics are gen-

erally controlled by corotation rather than by solar-wind driven convection.

The arbitrarily chosen, low-altitude boundary in the ionosphere represents a

transition below which the effects of the earth's neutral atmosphere are dominant.

From the viewpoints of both cause and effect, the report is something less than

self-contained. Without the geomagnetic field and the solar wind, there would

be no magnetosphere and no magnetospheric electrodynamics; without solar

*a irradiance, there would be much less of an ionosphere. Without magnetospheric

electrodynamics, there would be no aurora, no high-latitude currents, no ring

current, and no problems with spacecraft charging.

The term "electrodynamics" encompasses a complex of processes by which

charged particles move about in the magnetosphere-ionosphere system. The

nature of the processes varies from region to region within the system. Magnetic

Received for publication 12 April 1982
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merging at the magnetopause, and field-aligned potential drops above the auroral

ionosphere, are examples of localized electrodynamic processes. They are uni-

fied as electrodynamic processes in that they emerge, with appropriate boundary

conditions, as solutions of the Vlasov-Maxwell equations. General solutions of the

Vlasov-Maxwell equations over the entire magnetosphere-ionosphere system are

well beyond present capabilities. Some success, however, has been abbieved by

considering elements of the system in relative isolation. This provides insight

into how system elements evolve in response to external inputs. Since the entire

system is electrically coupled, the isolated element approach is self-limiting. As

one element evolves, it affects processes in other elements of the system. The

i-main goals of this report are to describe the various system elements and indicate,

in a qualititative sense, how they are electrically coupled.

In dealing with the earth's magnetosphere, three things quickly impress the

mind. First, there is almost nothing there. Particle densities in the plasma sheet
3range up to about i/cm . With present t-,hnolo r, laboratory vacuum systems are

able to get down to densities of 10 1 0 /cm 3 . Second, the volume of space occupied

by the magnetosphere is considerable. Typical magnetospheric dimensions are of

the order of 10 Rf (1 1% = 6.4 Y 103 kin). Third, when compressed to global scales,

the effects of magnetospheric processes are impressive. This third point is illus-

trated in Figure 1, and provides a convenient point of departure for this survey of

magneti. spheric and high-latitude ionospheric processes. The figure exemplifies

the spatial distribution of visible z adiation observed by an optical imaging system

on a DMSP (Defense Meteorological Satellite Program) satellite. City lights provide

an easily recognized map of the western half of North America. The total energy

emitted bv auroral forms over the northern tier of Canadian provinces rivals or

exceeds the combined ground emissions from the United States and Canada. \uroral

emissions are laraely due to plasma sheet electrons, with energies of a few keY

impacting the IC -layer of the ionosphere. The instantaneous locus of plasma sheet

electron precipitation is called the auroral oval. Global imagery from satellites

such as DMSP have shown that the auroral oval may be approximated hv circular

hands surrounding the gfeomagnetic poles. The centers of the circles are offset bY

about 30 to the night sides of the magnetic poles. The radii of the circle, the widths

of the bands, and the intensity of emissions var.y with the level of geomagnetic acti-

vity. However, the auroral oval exists at all times, and acts as a malor sink for

magnetospheric particles and energy'. The particlp and energy lost hv the man'neto-

sphere due to auroral precipitation ultimately come from the solar .rind. Thus, an

estimate of global precipitation loss also _ives an estimate of the Pfficiency- nf lar

,vind/magrnetonheric interactinns required tn maintain the aurorns.

R9



Figrure 1. DMSP Imarfery From Oher Western North Xmerica

Duiringz periods of moderate geoma,"etic activitY, the aurornl oval can lie aT)-

proxim ated as, a circular hand ex-tenrlinu from 7 1 to r,5' magnetic latitudle. The

area of such a hand is 10 1 7c 2. Th 'le mean flux of electrons into the auroral ovail

is ahout 10 T m--e.lhus, under steadyv state conditions, the solar w indl must

supyelectrons to the magnetosphere at a rate of ln2,/.ser. The avrae nerca-

of precipitatinu, electrons. is of the order of I 1heY. The o-nerr-r loss dule to electron

precipitation alone i -flahoo 10 10\V. Simiflar or larm-er inmounts of sonlnr vwind nec

mlust he sulpplied to acc( tint for ionospheric Joul e heating, and for 0' alntai nin g the

rinLr current, The eta focus; of this report is; to outline the prese(nt undrstrandling

of hot: I fl, elcetron., per- secndo tens4 of I ill ions of watts are ex,,tracteri from the(
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K: 2. MAGNETOSPtlERIC BOUNDARY INTERACTIONS

In describing interactions between the solar wind and the earth's magnetosphere,.

two coordinate systems are useful: geocentric solar-ecliptic (SE) and solar magneto-

spheric (SM) coordinates. Both coordinate systems have their origins at the center

of the earth with the X axes positive toward the center of the sun; that is, XSE , XSM.

The ZSE axis is normal to the ecliptic plane, and positive toward the north. The

YSE that completes the right-hand system is positive toward local dusk. The ZSM

_ axis is coplanar with the earth's magnetic moment vector (M) and the XSM axis. It

*- is positive toward ecliptic north. The YSM axis, which always lies in the SM equa-

torial plane, completes the right-hand orthogonal coordinate system. For a radially
flwigsoarwnd = A A Anflowing solar wind = -VsXsE = -VsXSM, where XSE and are unit vectors

along XSF and XSM, respectively) the angle between M and ZSM gives the magnetic

latitude of the magnetospheric subsolar point. Note that due to the 110 offset between
M and the earth's rotational axis, and to the 23.50 angle between the equatorial and

ecliptic planes, the magnetic latitude of the subsolar point is subject to : 34. 50 com-
bined seasonal and diurnal variations. The SM is superior to the SE system for

ordering data relevant to interactions between the solar wind and the magnetosphere.

2. I Ie Ma,I elopa.te

The shape of the "steady state" magnetosphere is determined from the force

balance equation

v • P +T 1 =0 (1)

where P and T are the total pressure, and the Maxwell stress tensors, respectively.

The total-pressure tensor is made up of two parts, due to the dynamic and thermal

pressures of the solar-wind components.

P = 2n m pV +-V + p +se (2)

where ns is the solar-wind density, mp the mass of a proton; psi and pse are the

thermal pressures of solar-wind ions and electrons, respectively. The factor of

2 accounts for specular reflection of incoming particles. The shape of the magneto-

pause on the davside can be calculated by numerical means using a simplified force

balance

2 A A 9 2
2nsmp p V SE nM) RT /2

10
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where u o is the permittivity of free space, nM is an outward-directed unit vector,

normal to the magnetopause, and B3T is the total magnetic field at the magnetopause.

.T is a superposition of fields due to the earth's dipole BD, to the currents flowing

on the magnetopause 8 M' and to other currents distributed in the magnetosphere.

Beyond the magnetopause, BM exactly cancels the internal fields. To a very good

approximation at the subsolar point of the magnetopause

I IDTI = 21 Ax .I (4)

In the magnetic equatorial plane

13D = I/ , (5)

where I = 3. 1 x 10- 5T is the strength of the earth's field at the surfL jn the
O

magnetic equator. I, is the distance from the center of the earth in earth radii
(I? ) Substitution of Eqs. (4) and (5) into Eq. (3) gives the distance to the magneto-

pause near the subsolar point

T,M  01o2/ 11nn ,211 /6 6= (ii oinsmpV ) (13)

lFor a solar-wind density and velocity of 5/cr and 400 km/sec, T = 9. The

shape of the darside magnetopause was calculate(] by lead and Beard, and by

()lson, 2 using, iterative numerical techniques in which the tilt of the dipole was

inored and included, respectively. Figure 2 shows a meridional cross section

of the nagnetosphere calculated with I, =- 10 in the Mead and Beard model. The

locus of dipole field lines (dashed lines), in comparison with the calculated total

field, strikingly illustrates the effects of the solar wind on the overall magnetic

topologq, . Magnetic field lines on the dayside are compressed, while those on the

nig'itsirle 7ire elonc'aterl. Note that in this model field lines intersecting the earth

* at magYnetic latitod,,s greater than 92 are swept hack to the nightside hr the solar

wind. There ire i pAir of singular points on the rnanetopause at separatrices

Itweon fie-ld lineos closin on the day and night sides. These points correspond to

the divside cusps.

a
1. Ahead, (;. )., and Beard, D. B,. (1964) Shape of the geometric field solar

wind houndary, J. (;eophys. Ies. 69:11 16.

2. ( )lson, \W. 1'. ()39) Fhe shape of the tilted magnetopause, J. (Geophy-s. Res.
71 :5 F- 12.
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-- PURE DIPOLE

Viue2. A\1odel of the L~arth's Tagnetic Field Distorted by tile Solar Wind'

~ i>~t!Lr-v~Ido rnt r!e-crilbe the ni~vhtside (-f the r-ignetotail

,,!-m i:h itinzwl aroent fror, 1i rnsideratien of FVq. (2). Onf the dflnv

..f ... i-n~to~nherp, I-evnar' ir nress.ure of the s;olair win,! Ijorinate-; over

p''ii re<or .(I
1n f!ho nii t 4irde, wihp io low imnst tanienti al to

A
.L~u'( i 2,the convorse( is true. \n ea,,rlv model' o)f thle

''I-l11W 'soh1 h teardrop) shpevith the riosi nf di-stane determinedl hv the(

MNl 1 nomlhe 1. P i'dinp-ton s4 ucrested that, in fhowing past the m- aneto-

0 <phero, fhe solar w.ind exert., tangentia-l -iese~ t the hound arv. Such s-tressesz

Ole 'ji 2~ <hidk of t,;I-,- .retnsphiore into al elnn sated nrr -i etotai 1. In the. -11)

A-Tir(, fio-i rtZolific:nrt xithin the in arnntotail, the tan~enti al forre oxerted I,-,

t! fd4 a*x i0 (Ill iow n':lrnetospliore is

iohns on, I . S. (1 0 69) T'he Lrui-is chlaracter of the geomao'netic field in the
-oorwid,.1. 05p\s he.I.:110'19.

-1. I 'iddinoton, .1. 11. (19GP:3) T1heories (if the Feonlaanetic storm main ph ase,
I ot. Saresfi. I I: 1 277.
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B2
:FT B MT _ 2(7

T 2" °  t MT (7)

k0

where BMT and RMT are the field strength and radius of the magnetotail, respec-

tively. There are, however, distributed currents in the inner magnetosphere (the

ring current), and in the magnetotail (the neutral sheet currents), whose effects

must be included in realistic stress calculations.

2.2 (oi ,n 111)n

In many cases, the magnetosphere-solar wind interaction is well described by

steady state equations such as Eq. (1). The equilibrium represented by these equa-

tions, however, is dynamic rather than static. Only a dynamic situation is consis-

tent with existing high-latitude current systems. These currents result from iono-

spheric convection, which is driven by magnetospheric convection. 5 Magnetospheric

convection is, in turn, driven by the solar wind. That is, enerc- is extracted from

the solar wind by the magnetosphere, and at least some of that ener -y is dissipated

in the ionosphere. Two mechanisms for transferring energy to the magnetosphere

have been developed over the last two decades: viscous interaction and magnetic
7

merging. Both models explain many qualitative features of magnetospheric con-

vection and auroral particle energization. Recent satellite observations sugest

that both mechanisms are operative, but in more complex ways than envisaged hy

early- proponents.

The \xford-tlines model G postulates that the mainetosheath plasma exerts a

viscous fo-ce on a layer of unspecified thickness inside the mametopause. Mag-

netic field lines threading this layer are dragged in the antisolar direction, and

are stretched to great distances in the magnetotail. \s elongated flux thes move

out of the viscous interaction layer, they snap hack to a more dipolar confi mrntion.

In the rest frame of the earth, this motion of magenetic field lines appears as an

electric field, F = -V x Fl. \ nagnetospheric equatorial projection of the convection

pattern generated in the viscous interaction model is -Aven in Figmre 3. When -ap-

ped to ionospheric altitudes, assumina that 1 7, B n, the model reproduces the

-ieneral feature- of the polar/auroral current system. Note that plasma trapped on

. (;0l,!, T. (1n59) \otions in the m agnetosnhere of the oarth, T. (Ceephv * le.
S1:l 121.

,. \xford, A. 1. , and I lines, C'. () (10r 1) \ unifvin Etheorv of high -latitude
zecph -ical phenomena and geom agnetic stor'-s, (an. J.T Phs,:. 311P 1 13.

7. Dungev, J. W. (I001) Interplanetarv mamnetic field and the at~poral 7ens,
l'hvx . Rev. T.ott. (:47.
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SOLAR WIND

Figure 3. Equatorial Projection of Convection Pattern in Viscous Interaction Model

elongated flux tubes is adiabatically heated as the flux tubes convect earthward and

shrink in volume.

The second model postulates that the dynamic interaction between the solar

wind and the magnetosphere proceeds by means of a magnetic merging process.
The simplest features of this phenomenon are illustrated in Figure 4. Consider

a magnetic field that at great distances above (below) the X-Y plane points in the

4 (-) N direction. In the presence of an electric field F-Y, magnetic field lines

convect toward the X-)' plane. \t the neutral line (N = 0, 7 = 0), magnetic field

lines from the upper half space merge with field lines of the opposite polarity from

the lower half space. To the left (right) of the neutral line, merged magnetic field

lines cross the X-Y plane with a 4 (-) Z component, and F x T3 convect away from

the neutral line in the 4 (-) direction. Two necessary conditions for magnetic

14
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Figure 4. Magnetic Field Geometry and Flectric Field Required for Magnetic
Merging

merging are magnetic fields of opposite polarity across some plane, and an elec-

tric field component that is tangent to the plane.

Before considering how magnetic merging might apply to the magnetosphere,

it is useful to distinguish between several possible magnetic topologies. It is well

known that a weak interplanetary magnetic field (IMF) is carried by the solar wind.

Except for a small correction term in the force balance equation, the IMPF plays no

obvious role in the viscous interaction model. The magnetic merging model, how-

ever, assigns important roles to the TMF because this model requires three types

of magnetic field lines: (1) IMF lines with both "feet" in the interplanetary medium,

(2) closed field lines with both "feet" in the earth, and (2) open field lines with onp

'foot' on earth and the other in the solar wind. Dungey 7 pointed out that when the

IM. has a southward component, magnetic merging can occur near the subsolar

point of the magnetopause. The idea is illustrated in Figure 5, which can be viewed

either a. a -napshot, or as a time history ,' an individual field line. Ais southward

directed [MN. lines are convected up against compressed dipolar field lines, merg-

ing occurs :it time(1 . ,eeause one foot of a newly merged field line is embedded in

the solar wind, the whole field line is dragged in the antisolar (-N .V) direetion.

In an earth-stationary frame of reference, the motion of the ionospheric foot of the

field line appears to result from a dnwn-to-dursk Nlctric field. Times( 2through)

show the various sta!es of antisunw.-ird motion of an open field line. \t time( ,a

I5
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F O 1 ig-ure 5. Snapshot of Magnetic Mergingf Between Southward TMF and the Earth's

Magnetosphere

~portion of the field line has convected to the magfnetic equatorial plane where it

reconnects with an open field line from the conjugate ionosphere. Under the in-

~fluence of the dawn-to-dusk electric field the field line then convects earthward
• (times® )throughQ. ). Lventually, reconnected field lines move to the dayside

~(time(© ), where they nre in position to continue the merging-reconnection cycle.

The magnetospheric convection patterns predicted 1y the viscous interaction

~and magnetic merging models with a southward IME are quite similar. Empirical
08-10

evidence from near the magnetopause indicates that both viscous and magfnetic

merging processes occur. TIhat many observational studies have shown high corre-
lations between southward turaings of the IMP and the onset of magnetic activity

* I(. l':astnian, 1I'. 1C0, h~ones, .Tr. , I".. W. , fBame, ..T. , and .\sbridge, ,T. lR.
(197n ) The ma etospheric boundary layer: site of plasma momentum and
eneroo transfer from th e magnetosheath into the magnetosphere, weohys.

9. Ilussell, C. ., and lphic, . C. (1979foISItl observations of flUx transfer
events at the dayside ma finetopause, eophys. lie. .ets. 6 rh.

10. Mozer, '). S., Torb)ert, t. ., Fahleson, 1'. V., Falthammer, . 5.,
and (;onfalone, .i, g edersen, \., and ussell, C. T. (107s) Direct observa-

tion of a tangential electric field component at the ma netopause, , geophyv.
les. lett. (:6l05.

i ,,

S

.1) Rusel C. T. an EIc 13. C. 1)7) IS E obevain of flx"rnse



indicates a dominant role for energy transfer by a merging process. \s discussed

in Sec. 6. 1, this surmise is supported by modifications observed in polar-cap

(open field line) convection patterns, with variations in the YS 1 component of the IMF

and when the ZSIT component is northward. Finally, we mention that, currently,

merging is thought to occur sporadically, rather than as a steady state process,

and in the vicinity of the dayside cusps rather than near the subsolar point. 12, 13

2.3 Imndar%. I.ae,'

Before considering the dynamics of the closed portion of the magnetosphere,

let us return briefly to our original question of how 1026 particles/sec gain entry

to the plasma sheet. Between 1028 and 10 solar wind particles/sec impact the

dav-side magnetopause. Thus, an entry efficiency of less than 1 percent is suf-

ficient to maintain the plasma sheet. (ur understanding of how mnanetosheath

plasma gfains entry to the mag-netosphere and influences its interior d-namics has

been evolvingy rapidly over the last decade. Under such circumstances, it is not

unusual to encounter a multiplicity of nomenclatures that will prohablv le simpli-

fied as relationships hetween various boundary plasma regines become more evi-

dent. Vasyliunlas1- has defined magnetosplleric boundary layers as regions of

space threaded 1 magnetic field lines of the magnetosphere, but populated hw plasnma

similar to that found in the ma"netosheath. '('lie four regions satisfvng this defini-

tion are: (1) the plasma mantle, (2) the interior cusp, (3) the low -latitude hloundnrv

layer, and (4) the plasma sheet boundary layer. Fi-nre G) is a schematic repre-

sentation of the mag-netospheric loci of these regimes. Somewhat specula-tiv, rep-

resentations of their ionospheric projections, and their source-relationships'to

tile plasma sheet, are -rin in Ti guros Gb and 7, respectively. l'he pla.nma mantle

is found on open magnetic field lines: the remaining, three regions ire found in closed

field line portions of the ,magnetosohere.

1 1. laerendel, (;. , l'asehmann, (;, Sc.,opl., N., loseniaitr, if. , and 1 ledge-
cccl;, P. C'. (1 7 2) The, front side hound at'v lver or the twagnetn chlj e and
the probler'1 of reconnectinn, .J. C;ecphvs. lies. ((3:31 n1.

12. (rooker, N. 1. (11077) 1)a-sire mor nc nd cup feometrx, T. (;etihvs. lies.
12:3 G 2 .

13. Crooker, N. I. (1070) The m'agnetosplteric boundary,- lavors: '1 reor'et i' rly
explicit model, T. (;Eoplh. l1es. l l:fl31.

14. Vasvliunas, V. I. (1970) Interaction hetween the nmagnetnsnlTorit' e(lounrlary
laver and the iloneshtero, I'roe. \ I ttetosph ric I bondlr I arl', lnf.
(WS\ HP-142) \lphach, \uIstri , p. 227.
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Figure 6. (a) Schematic Diagram of Various Observed Magnetospheric Boundary
Layers; (b) Their Mapping Down to the Ionosphere Along Magnetic Field Lines1

-6

Figure 7. A Model of Magnetospheric Circulation for Filling the Plasma Sheet 1

15. Freeman, JT. XV'. (1979) Internal maqnetosphieric plasma flow, Proc. M\agneto-
spheric Boundary Layers Coof. (ES.\N SP-148) \lphach, \iisti, .. '35
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The plasma mantle was identified first as a magnetosheath-like plasma flowing

nearly along magnetic field lines inside the magnetopause, in the near-earth lobes

of the magnetotail. 16 The plasma density and the spatial thickness of the mantle are
17greatest during periods of southward IMF. The mantle is also observed in the

lobes of the magnetotail at lunar distances (XSM -60 RF) near the ecliptic plane. 18

Mantle particles are believed to enter the magnetosphere near the dayside cusp. A

dawn-to-dusk electric field causes particles to convect in the antisunward direc-

tion, so that particles that mirror at low altitudes find themselves on open field

lines as they rise from their mirror points. The same dawn-to-dusk electric field

causes the mantle particles to drift toward the equatorial plane as they move away

from the earth. Pilipp and Morfill19 suggested that mantle particles may be one

source of plasma sheet particles.

As the name suggests, the "interior cusp" refers to the region of closed mag-

netic field lines passing through or just equatorward of the cusp. Magnetosheath

plasma diffuses into this region. As opposed to the mantle or the low-latitude

boundary layer, the plasma of this region, which is also called the entry layer, is

relatively stagnant. However, depending on the strength and direction of convective

electric fields in the cusp, it is possible to think of the interior cusp plasma as a

partial source of both the mantle and the low-latitude boundary layer.

Along the dawn and dusk meridians, near the magnetospheric equatorial plane,

the low-latitude boundary layer is characterized by magnetosheath-like plasma

flowing in the antisunward direction. The thickness of this layer ranges up to - 1 Rr.

*s shown in Figure 6a, the low-latitude boundary layer has been observed to great

distances in the antisolar direction. The density of plasma within the layer is about
20

a factor of 4 less than that of the adjacent magnetosheath. Electrons within the

16. Rosenhauer, H., Grunwalt, T., Montgomery, M. D., Paschmann, C., and
Sckopke, N. (1975) IIEOS 2 plasma observations in the distant polar mag-
netosphere: the plasma mantle, .J. Ceophys. Res. 80:2723.

17. Sckopke, N., IPaschmann, C., Rosenbauer, I., and Fairfield, D. II. (1976)
Influence of the interplanetary magnetic field on the occurrence and thick-
ness of the plasma mantle, T. Geophys. Res. 81" 2687.

18. ITardy, D. X., Hills, T. K., and Freeman, T. W. (1175) A new plasma
regime in the distant geomagnetic tail, Ceophys. Res. Lett. 2:16).

19. Pilipp, W. G., and Morfill, G. (1978) The formation of the plasma sheet
resulting from plasma mantle dynamics, T. Ceophys. Res. 83:5670.

20. Sckopke, N., Paschmann, G., Taerendel, C., Sonnerup, ]. 1'. 0., Rame,
S. .T., Forbes, T. (., Hones, Jr., E. W., and Russell, C. T. (1)81)
Structure of the low-latitude houndary layer, .T. Ceophys. Rles. 86.2099.

S
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layer have trapped pitch-angle distributions. 21 Whether the low-latitude boundary
22layer is maintained through a diffusive and/or an impulsive entry process is

currently a matter of debate. Sckopke et al. 20 estimate that a diffusion coefficient

of 109 m 2 /sec is required to maintain the observed low-latitude boundary layer.
Figure 6a shows the plasma boundary layer together with the low-latitude boundary

layer as forming a continuous envelope surrounding the hot plasma contained In the

central plasma sheet. The physical processes that connect the low-latitude bound-
ary layer and/or the mantle with the plasma boundary layer, and with the central

plasma sheet, are not known at this time. It is currently believed that discrete
arcs in the auroral oval map to the boundary rather than to the central plasma
sheet. Within the plasma sheet boundary, rapidly flowing plasmas are observed.

These flowing plasmas come from spatially limited acceleration regions called
"magnetospheric fireballs. 23 Whether the energization process in fireballs re-

sults from magnetic reconnection or some other process is still another open

question.

3. TIlE PLASM \ SIIFE'I'

The earth's plasma sheet is the highly dynamical region of the earth's mag-

netosphere that acts as a depository for auroral particles. It is a region of closed

magnetic field lines. Before being detected by the Soviet satellites L.una T and
24

Lnna' 2, ormewhat strangely, this important region of the magnetosphere was

not anticipated theoretically. Equatorial and noon -midnight meridional projections
25* of the plasma sheet are given in Finres 8 and 9), respectively. Both projections

21. I:astman, T. 1:., and Hones, Tr., E. W. (l79) Characteristics of the mag-
netospheric houndar- laver and magnetopause layer as observed by IMP 6,

. Ceonh-s. Res. 81:2019.

22. L.emaire, T., and Roth, IN. (1978) Penetration of solar wind plasma elements
6 into the magnetosphere, T. \tmos. Terr. Phys. 10:331.

2". Frank, I.. \., \ckerson, N. f,., and Tepping, T.. P. (1976) (n hot tenuous
plasmas, fireballs and boundary layers in the earth's magrnetotail,
.T._;eoph.. Res. 81:585).

24. C;rinaanz, 1K. I., [ezrukikh, V. V., Ozero,, V. D., and R-Obchinskii, F. F.
* (1961) \ study of the interplanetary ionized gras, high-ener' electrons, and

corpuscular radiationfrom the sun by means of the three-electrode trap
for chargied particles on the second Soviet cosmic rocket, Sov. Phys. -Dokl.
5:261.

25. Vasyliunas, V. Al. (1972) Uagnetospheric Plasma, in Solar Terrestrial
Pthysics, EC. Dyer, Ed., D. Reidel Co., Dordrecht, Holland, p. 192.
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show that the plasma sheet extends for great distances in the -X SM direction.

The plasma sheet has a distinct inner edge that varies as a function of local time

and the level of geomagnetic activity. 26,27 The dynamics of the inner edge of the

plasma sheet are well understood theoretically and are discussed in Sec. 7. 2. The

equatorial thickness of this boundary is 1 R., and is marked by a cooling of

electron temperatures. Just tailward of this boundary, plasma sheet electrons

have an average energy of - 1 keV. During periods of substorm injections, the

temperature of electrons may rise to - 10 keV. Temperatures of plasma sheet

ions tend to be higher than those of electrons by a factor of 2 or more.

Figure 10 is a cross-sectional view of the magnetotail portion of the plasma

sheet. It has a minimum thickness in the mid-tail region, and flares to a maximum

thickness near the dawn and dusk flanks of the tail. At lunar distance (X -60 RE),

Northern lobe

-Plasma sheet

Magnetopause-- -- Southern lobe

Fiaure 10. Cross-Seetional View of Magnetotail T ooking Earthward

S2,. Vyi.vliunas, V. \1. (1968) \ surveY of lo-eneray electrons in the oveninr
sector of the mavnetosphere with (f)l(l-l and 0('o-:3, . (;eophys. Res.
7.3:28R3 Q.

27. .'rank, . \. (1971) Relationship of the plasma sheet, ring current, trappinv
houndary, and plasmapause near the magnetic equator and local midniaht,
.. (;eophv,. le.s. 76,2265.
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the tail radius is - 25 R E . The average half-thickness of the mid-tail plasma

sheet is - 3 RE. During the expansion phase of substorms, the thickness of the

plasma sheet in the tail decreases, and then expands during the recovery phase. 28

At lunar distance, the average density of the plasma sheet is - 0. 1 cm " . The

electron and proton temperatures are - 0. 25 and 2. 5 keV, respectively. 29

The remainder of this subsection is concerned with the physical mechanisms

responsible for particle energization and precipitation in the plasma sheet. Ener-

gization processes are classified as either adiabatic or non-adiabatic. Examples
30

of non-adiabatic energization are neutral sheet acceleration, stochastic wave-

particle acceleration, and heating derived from magnetic field reconnection and

annihilation. Although these are undoubtedly important sources of particle energy,

we limit ourselves here to describing adiabatic energization in some detail. Par-

ticle precipitation is maintained or enhanced either by magnetic field-aligned elec-

tric fields (F ), or hr pitch-angle diffusion. F is very important for discrete

auroral arc formation. Pitch-angle diffusion results from wave-particle inter-

actions. Hfere we summarize briefly the collective plasma modes responsible for

these phenomena.

;1.1 \,liallmlic N1h1ili ill the MISi i lil h et

The adiabatic energization of plasma sheet particles involves the related con-

cepts of adiabatic invariance and guiding center motion. The general concept of

adiabatic invariance comes from classical Tamilton-Jacobi theory. 31 If a system

executes a periodic motion in a force field (F) that changes slowly in time with

respect to the period CT)

I dF I
T."ci t -T

28. lones, Jr. , F. V. , \shridge, J. R. , P ame, S. J. , Montgomery, V. D.,
and Singer, S. (1973) Substorm variations of the magrnetotail plnsma sheet
from NS' -f. R. to -,() -3 F>, .. Geophvs. Res. 78:1lnO.

29. Rich, F. .. , Reasoner, D. T.., and Burke, W. J. (1073) Plnsm1a ThePt at

lunar distance: Characteristics and interactions with the lunar sirface,
.J. Ceophvs. Res. 78:RO7.

30. Speiser, T. W. (1917) Particle traiectories in model current sheets, TIT:
\pplication to auroras using a geomagnetic tail model, J. Cenphvs. Tos.
72:3919.

31. Terllaar, D. (1914) Elements of Ilailtonian Mechanics, North Ilollanr Co.,

\msterdam, Ch. ri.
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then the quantity

I = p dq,

(where p and q are canonical momentum and coordinate variables) is a constant of

the motion known as an adiabatic invariant. Charged particles moving In the earth's

magnetic field may have as many as three periodicities due to their gyration, bounce,

and drift motions. The three adiabatic invariants associated with these periodicities

are:

(1) the magnetic moment

= mv 2

where v is the component of velocity perpendicular to the magnetic field,

(2) the longitudinal invariant

S.T=p s ()

where p and ds are momentum component and distance along R, and

(2) the flux invariant

,= 6 X d (10)

where \ is the magnetic vector potential and dl a distance element alona a particle

drift trajectory. 2 ,V1 Most plasma sheet particles either precipitate or follow

drift trajectories that intersect the magnetopause hefore they can drift all the way

around the earth. Thus, in the plasma sheet only the first and second invariants

are of interest. The third invariant is important for understanding the ring current

and radiation 5elt.

12. Northrop, T. (. (nWf) The \diabatic Motion of Charged Particles, Inter-
seionce, \n,. orl:, (h. 3.

SHos.;i, 11. , :In ()lhert, S. (1070) introduction to the 1h-ic of Space,
ql Mc ',ra -][il, Ne ,(rl:, C'ti. 5.
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At this point, it is useful to introduce the related concepts of pitch angle and

magnetic mirroring. The pitch angle (a) of a charged particle is defined as the

angle between its instantaneous velocity and the magnetic field

a, =cos- (v .  / l ¢ 1 I i )

Magnetic mirroring results from the constancy of a particle's magnetic moment

and total energy. The total energy of a non-relativistic particle of mass m and

charge q moving with a velocity v in combined magnetic and electric fields is

E: = 1/2 + v +"B+q (11)

where (D is the electrical potential. The component of force exerted along B is

dvil 13 q24 (12)
mdt a-s-a-q -

The second term on the right-hand side of Eq. (12) is due to field-aligned electric

field components that are discussed regarding auroral arc formation. The first

term on the right hand side of Eq. (12) is the magnetic mirror force. A particle

at the magnetic equator (s = 0) with pitch angle aeq can move earthward along B

until its pitch angle reaches 900 (v = v cos a = 0). At this point, it is reflected by

the mirror force toward the magnetic equator. The strength of the magnetic field

at the mirror point is designated R " The total kinetic energy of a particle at its
mirror point is 1/2mv2 = "1BM. Since, in general, u = 1/2mv2 (sin2 -)/B, the mag-

netic mirroring condition, in the absence of -F, is often written

2 (3

sin 2 = 13/ R'T (131

The line integration for the longitudinal invariant proceeds from the magnetic equa-
tor to the mirror distance s ' .

The notion of guiding center motion is more general than that of adiabatic motion.

I nder many circumstances, charged particle motions are well-approximated by

superpositions of motions of guiding centers and gyvrational motion about the otuiding

center. For example, in a uniform magnetic field, the equation of motion

.I)5
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describes a particle that gyrates with a circular frequency ) = qB/m about a field

line, and moves along the field line (its guiding center) with a constant velocity.

In the presence of an external force field F that is perpendicular to B, the equation

* of motion

mdv q (v x 1) + F (15)

can be reduced to the form of Eq. (14) by transforming to a coordinate system

moving with a drift velocity

D F X 2B (
qR

In this frame of reference, the motion of the particle about T is purely gyrational.

The most important drifts within the magnetosphere are caused by electric

fields.

I- - l:xBP (16)
IC 2X

magnetic field gradients

G x (17)

and magnetic field line curvature

my ,ffj~\(8

v ,9 ( )

2 q4 2
2,j- . -

vh'11re R i- the nianetic field line radius-of-curvature vector. Note that V and

V(., depend on both the particle's energy and charge; VIE depends on neither. Protons

(electrons) gradient and curvature drift toward the west (east). In th nearly

dipolar part of the inner plasma sheet, -' and Vt are of comparable magnitudes.

I)ui to sharp majnetic field line mrvature across the neutral sheet V. V ( in

2G
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With the expressions for the adiabatic invariants Eqs. (8) and (9)], and guid-

inL center drifts Fqs. (16), (17), and (18)', we may understand: (1) the adiabatic

heating of magnetospheric plasma, (3) the existence of a ring current, and (3) the

position of the inner boundary of the plasma sheet.

Roti the viscous interaction and the magnetic merging models require that

particles in the nightside plasma sheet be 'adiabatically" heated as they convect

earthward under the influence of a dawn-to-dusk electric field. In this motion,

each particle's magnetic moment 1/2 m v 1 is a constant. Consider a particle

mirroring in the equatorial plane, J = 0 .'Eq. (9)]. Ns it drifts from, say, 30 R E

in the magnetotail where 13 20 nT, to a distance of 6 RlI- where 3 - 140 nT, its

kinetic enerey must increase sevenfold. Particles with J 0 gain kinetic energy,

not only from the conservation of a, but also from the apparent motion of magnetic

mirror points (conservation of T). In moving from equatorial crossings of 30 RE

to ( )I, p articles find themselves on shorter and shorter field lines. Since P ds

mozt he a constant, p must increase as particles convect earthward.

From the conservation of energy, it is seen that an increase in particle kinetic

,.i,,tr must he due to a decrease in potential energy. The potential energy is

eloet ric:t7. That i -,

The ir:,cket in I'q. (10) are used to represent time averaging over a gyroperiod,

and N V) i tL,, total drift velocity. Since VF is perpendicular to E-, only V and

\( Qintriiite. ,ines has shown that the energy gained by "adiabatically com-

pre- wr2 :L ri: ,i,'tospheric plasma is equivalent to the kinetic energy gained by

rgradient and curvature drifting- in the direction of an electrostatic potential radient.

(;uidinc center motion is the simplest hasis for understanding the earth's ring

current. "I tic existence of a westward current encirelina the earth can he inferred

dir-rtv from rlecreases 4n surface values of the horizontal component of the earth's

fiel doritL, the nriin nnd recovery phases of magnetic storms. The general expres-

i-ri f,'r current ;enstv is gven by a sum over plasma species

I r (Ij 1  
\

I. line, .Q ( (lUfiR) The energization of plasma in the magnetosphiere: TlvIdro-
magnetic and particle drift approaches, Planet. Space Sci. 10:219.
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Assuming, for simplicity, that the ring current is made up of a single ion species

(H +), then the current density is

JR = nq (VDI - VDe) (20)

Since Vp- is independent of charge, only VC, and V , contribute to Eq. (20). Recall

that for protons (electrons), V 0 and V 0 are westwards (eastwards). In an equiva-

lent fluid description, j. is driven by magnetospheric pressure gradients. During

the main phases of magnetic storms and the expansion phases of substorms, parti-

cles are energized and injected into the inner magnetosphere by intense electric

fields. With the onset of recovery phases, the electric fields decrease in intensity

and/or are shielded from the inner magnetosphere. Injected particles find them-

selves on closed, stably trapped orbits in which they gradient and curvature drift

around the earth. During recovery, these particles are slowly removed from the

ring current by precipitation, or by charge exchange with low-energy neutrals.

-0 The position and shape of the inner edge of the plasma sheet is determined by

the drift motions of plasma sheet particles. V17. decomposes into drifts due to

convective" (-V.(p) and "corotational" ( Vp electric fields. In the following dis-

cussion, we use the symbols FC to represent the "convective" electric field im-

posed tw the solar wind on the magnetosphere, and E to represent the corotation

electric field. The direction of Vp is eastward for all particles. For simplicity,

let us consider the drift motions of charged particles having pitch angles in the

equatorial pluie of 000 . Conservation of enerLPY v Iq. (1), immediately tells us

that cold (. -0) particles are constrained to F x B drift along equipotentials.

Particle., w.ith non-7ero- drift along surfaces of constant (r4 - F).

In the tragnetotail, particles predominantly drift earthward under the influence

of a daw-n-to-lush I field, \s the" approach the earth, electrons acquire significant

eas;twvard ,Irift.- due to both V, and .Since both of these drifts o eastward,

cold electrons, vith = 0, drift closer to the earth before their eastward drifts

dominate over their earthward drifts. For this reason, nuthound s.tellites en-

Scounter cold olectrons before hot electrons at the plasma sheet's inner edge

The s uinar, het,.-en cold .,lectrons; that drift alng equinntentialcs from the

tail :m(] thoe that rnrotate on closed traiectories is called the 7ern enerN"

\lfvt-en 1la:er, or th inp?' )h e.nriarv of the l asta T-heet. I n'ler sta rd, cnnvective

elec(-t ri field eonditions, eold eletrnnt that drift in from the i magnotntail, '.Ithllf

S live ??, I '. 11 , 1v o, I i., iml Sout '.':oWd, T). .T. (1r)lT"'' nr
1l:t 4.. I imtetin event-, in Dvna-ies of the Vagnetsp

t
ore, S. -T. \l:asf',

'i~., 1). R',idel U'n., hling'?, \las-ncbusetts, vi. Co2

2) !
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precipitating, eventually cross the dayside magnetopause. Thus, the inner bound-

ary of the plasma sheet is the boundary between closed (corotation dominated) and

open (convection dominated) equipotentials.

Before calculating the shape of the last closed equipotential, we note that for

protons, V-. and Vpt are oppositely directed. This leads to more complex drift

paths for protons than electrons. Protons with u * 0 can drift earthward of the

zero-energv Alfven boundary in the evening local time sector. The different drift

paths of protons and electrons eventually lead to the buildup of polarization elec-

tric fields near the inner edge of the plasma sheet. The main effects of the polari-

zation field are to shield E C from the inner magnetosphere, and to distort its dawn-

to-dusk orientation in the plasma sheet.

As a function of distance R, and local time Z, in the equatorial plane of the

magnetosphere, the form of the electric potential is

p(R, ) -- n + C R( sin ¢ 21)

where . = 7.3 X 1- 5see - 1 is the angular spin velocity of the earth, C is a constant

to be determined, and Y is a parameter that reflects the level of electrical shielding.

The case ,, = 1 corresponds to a uniform, dawn-to-dusk E C that completely pene-

trates the inner magnetosphere. Best empirical values of Y are in the range of 2

to 3.36, 37 The value of C is determined by noting that F , is directed radially in-

ward, and EC is mostly in the Y direction. In the dusk sector, E-1 and T-C are

oppositely directed. Depending on the strength of EC , there is a stagnation point

along the 1800 LT C: 3-/2) axis of symmetry where the two fields exactly cancel,

= 0 . (22)

Substitution of Eq. (21) into Eq. (22) gives

- R i 3  (23)
Co [

s

36. IFjiri, M., Hoffman, R. A., and Smith, P. TT. (1978) The convection electric
field model for the magnetosphere based on Explorer 45 observations,
J. Geophvs. Res. 83:4811.

37. ;ussenhoven, I. S., Hardv, D. ., and Burke, W. J. (1091) D' ISP/2
electron observations of equatorward auroral houndaries and their rela-
tionship to magnetospheric electric fields, J. (,eophvs. Res. 86:7rp.
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Thus,

2.413RE LS

0= --- E LS - sin o] (24)
:" S "S•

where we have made the substitution L R/RE and =S - S /R'F The common term

o BRE is - 90 kV. The potential of the stagnation point is

S(L0 - r I + 1/.kV (25)

Since along the = 3-/2 line EC < (>) F- for r, < (>) r., Eq. (25) gives the potential

of the zero-energy *lfven boundary. By setting the term in brackets on the right-

hand side of Eq. (24) equal to [ I + l/vJ, we arrive at tW'e equation for the zero-

energy Alfven boundary in the equatorial plane as a function of distance from the

center of the earth (T,\) and local time

, sin " ,+ 1)T - ' - - 0 . (28)
"+1S

Southwood and Kaye U have shown that to an excellent approximation

, T , (27)

xwhere S = cos 2 The solution is exact when = 1. Figire 11 shows

that the shape of the last equipotential varies from an elongated teardrop for v - I,
to a circle for v = . Note that Eqs. (26) or (27) only allow calculations of the

shape, but not the distance to the \lifven boundary. T., depends on E-, which varies

with conditions in the solar wind, and with the level of maLnetic activity. It is

convenient to defer further comment on the \Ifren boundary until we have discussed

its ionospheric projection, the equatorward boundary of diffuse auroral precipitation.

3-2 Pih'h \,,gh" IDil'fiioi ,, Phlama Sh1,v,' IParli,'l,.

The final topic to he considered under the headina of general ma~netospheric

processes is particle precipitation. To anticipate our discussion of the ionosphere,

38. Southwood, D. T., and Kaye, S. If. (107P) Drift houndary apprnxiniations

in simple maunetospheric convection rnodels, ,J. Ceophvs. l3es. 11:7773.
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Firure 11. Shapes of last Closed Fquipotential for Various Values of

we note that instrumentation on satellites passing through the diffuse auroral iono-

sphere measures fluxes of electrons and protons that are isotropic over the down-

coming hemisphere. The continuous precipitation of plasma sheet electrons and

protons into the auroral ionosphere cannot he explained in terms of the individual

particle model that we have been using. The prohlem is illustrated simply in

[.igure 12, where we sketch sequential isocontours of particle distribution functions

in the magnetospheric equatorial plane. Figure 12a represents an isotropic popu-

lation at some initial time. Particles with q 90 (v i 0) move along field lineseq
toward their mirror points. If their mirror points are sufficiently deep in the at-

mosphere, typicallv altitudes < 200 kin, the particles are lost. Otherwise they

return to the magnetosphere. If we designate the strength of the magnetic field at

31



an altitude of 200 km as B(200), then Eq. (13) shows that particles initially with

equatorial pitch angles

-1/2

- e
eq 1. = i L L-T )J (28)

are lost after a few bounce periods. Such particles are said to be in the atmospheric

loss cone. For plasma sheet particles, aT, is - 20. Figure 12b shows the distribu-

tion after several bounce periods as made up of the initial population minus an empty

loss cone. Particle motion that conserves and J allows no further loss.

V, V.L

VI

VII VII

Figure 12. Isocontours of Distribution Functions With (a) Isotropic and (b) Loss
Cone Distributions

Kennell and Petschek 3 9 pointed out that above certain particle flux levels,

loss cone distribution functions such as shown in Figure 12b are unstable to the

growth of whistler waves. The waves grow in energy by causing particles to dif-

fuse into the loss cone. To produce strong pitch-angle diffusion, that is, maintain

isotropy over the loss cone, a resonant condition must be fulfilled. 'Resonant

scattering occurs for particles whose energy is equal to that of the magnetic energy

per particle

R 2SRes " 2 n-- ( 2 .9)

39l. Kennel, C. F., and Petschek, TT. E. (1966t;) Timit on stably trapped particle

fluxes, .T. Geophvs. ies. 71:1.
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This model successfully explains flux limits observed for stably trapped ring cur-

rent particles. The requirement for resonant pitch-angle diffusion given in Eq. (29)

was empirically verified by observations of the proton ring current from Explorer 45

during the magnetic storm of December 1971.40

An examination of the resonance condition given in Eq. (29) shows that a whistler

mode instability cannot be responsible for strong pitch-angle scattering In the plasma

sheet. At geostationary altitude (6. 7 RE) in the plasma sheet, B 100 nT and n -
33 2

1/cm . This gives a magnetic field energy density in eV/cm3 of 2. 5 T (nT). A

resonant energy of - 25 keV is well i excess of mean thermal energies for either

electrons or protons in the plasma sheet.

Realizing that whistler mode interactions could not explain the isotropic preci-

pitation of plasma sheet particles, investigators in the 1970s concentrated on sources

of electrostatic wave energy. There are two important developments from the decade

of which we take note. The first concerns direct observations of broadband electro-

static noise all along magnetic field lines connecting the auroral ionosphere to the

equatorial plasma sheet. 41 The amplitudes of observed waves are of sufficient

intensity to drive strong pitch-angle scattering. The second development concerns

the theoretical recognition of the role played by cold plasma for making available

free energy contained in anisotropic pitch-angle distributions. Cold plasma, of

ionospheric origin, in the plasma sheet can produce velocity space gradients in the

total distribution functions 0 f/ 3 v > 0) that are unstahle to the grrowth of (N 4 112)
42 'L43

electron cyclotron waves, and lower hybrid ion waves. Numerical studies show

that such waves are unstable over restricted ranges of parameter space. Measuringr

low density, cold plasma emaedded in a hot plasna sheet is experimentally difficult.

\ successful measurement of the cold plasma component will be a critical require-

ment for future understanding of plasma sheet processes.

40. \William.s, ). T., and .vons, 1.. 13. (1974) The proton ringr current and its
interaction.s with the plasmapause: storm recovery phase, J. (,enp'ixs.
fle'-. 79:410 3a.

-11 (iurnett, D. \., and Frank, 1.. \. (ln77) \ re ion nf intense p1 asm a wave
turhulence on :ownral field lines, .T. 0;C)pifS-* Res. 82:1n, 1.

-12. ounr, 1'. S. 1'., Callen, .T. P., an,! 0lc( tjn , J. F. (1137) li4h fr-(p uency
electro.tatic wie-es in the maynetosphore, .1. (oophvs. T?-. 78:1W',)2.

13. \shour- \bdalla, V., and Thorne, 11. V1. (1 721) "lfToi.' l a unifiel viev. ofdiffu! e auroral precip~itation, T. (,o,,ph. p e . 17-5.



4. ELECTRICAL COUPLING OF THlE MAGNETOSPHERE AND IONOSPHERE

Before discussing the electrodynamics of the high-latitude ionosphere, it is use-
ful to review briefly the theory of magneto sphere -ionosphere coupling. Vasyliunas 4 4

has developed a theoretical model that illustrates the physical laws describing how

magnetospheric convection couples with the ionosphere. The model is presented
in Figure 13 in the form of a closed loop of equations (straight lines), and of quanti-
ties to be determined (boxes). External sources of particles, cross -m agnetospheric

UDRIVING FIELD (ORCURET

COHSOHM'S1LAW

E NUATO YEN

CONTINUIT

Fi~~~~~~~~~ure ~ ~ ~ ~ ~ ~ ~ O CURuRn f efCnitntCluain fM~eopENT oveto 4

PEPNIUA

44.ur 1:1liuas V.n of Self-Co)siatemtaicualtmodel of maetosphric Convecin4

tion and its cotipli na to the ionosphere, in P'articles and Fieldls in the
Mlagnetosphere, 11. M. \lcCornm, :I. , D. Re idel CO. , Dordre(lit,
Bloll and, p). rO.



potentials, neutral winds in the ionosphere, and so forth, are imposed boundary

conditions. Because the loop of equations is self-consistently closed, it can be

entered at any point. Let us assume that we have an initial idea about the distre-

bution of magnetospheric electric fields and particles.

(a) First link: with knowledge of the electric field, we calculate the motion

and distribution of protons and electrons in the magnetosphere, and, hence, the

total plasma pressure at any point;

(b) Second link: from the plasma pressure gradients we calculate the com-

ponents of the electric current perpendicular to the magnetic field. That is, from

the force balance equation

I x 1 (30)

we caculate

i __ (31)

For simplicity, we have assumed that the pressure is isotropic.

(c) Third link: by calculating the divergence of the perpendicular current, and

averaging over each flux tube, we obtain (j ) the field-aligned currents flowing

het%,en the magnetosphere and the ionosphere.

(d) Fourth link: from the requirement that these field-aligned currents be

closed 1w perpendicular ohmic currents in the ionosphere, we obtain the configura-

tion of the electric field in the ionosphere. The continuity of ionospheric current

reqoires that

• 1"= j sin (33)

where I is the height inte.prated current and x the inclination of magnetic field lines.

In the ionosphere

- 4 n X B)
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Where .9is the height integrated conductivity tensor and n is the neutral wind

Velocity.

(e) Fifth and final link: the ionospheric electric field can he mapped into the

miavnetosphere, and the requirement that it agree with the magnetospheric electric

field assumed at the outset determines the field, aind thus closes the system of

equations. I-xcept near discrete arcs, the mapping may he dlone by assuming that

maLrnetic field lines are equnipotentials. Frhere is empirical evidence suggesting

a functional relationship between j in discrete arcs and fieHd-aligned potential

ilpo p.. We k ( note in paissing that the Rice University group has successfully simu-

lated the ionospheric reatures of a magnetospheric substorm using this model.* 46,47

IFrom 1 qs. (93) and (3-) it is clear that measurements of f and I are critical

ror unders tanding , thle niairntosphere-ionosphere circuit. Measurements of precip-

i tati ng_ !)Itticle fluxes are needled to (1) understand spatial variation in ,(2) iden-

fi the doliw int Ca eriers, of j,(3) calculate field-aligned potential drops, and

1) h-11p dish inrnn .h 1wtveen topol ogicallv different regions.

Li C'tr riielftd.. -it io.pheIriec altitudes are mneasured from) potential differences

fl-~v en i ,i (. f ot'nt'i it hooio s on sattell ites and from the 17. rifts of

:i :!. P) In iwioi fipi, i c--n lie rleterri ned from particle flues. With

ite t iChii'!'N I ii!'i-Jtiihitio n Functic,s of ions and loetrons cannot he

d *-! IffiritIlt acetirac',. F7or this re:ison, hivrhlv -ensitivo triaxiail

'', I.P : -~I.~ in'! f iinrin, R. (19i7)) \n otiserverl rolation-
1 ii !<1,-m1tJ( C j-I Fl e i ,e l yn olect H c fi eldls and! 'lv'wn letron

-iii fl-e \j-iinit orC auitral for-.s, 1,T R-ni~i e. 8t :477.

6 '.., 'ift~*\, piff It*I*,'-piro, R. W., url~o, 'A'.
- , I 9! 111 t i -Iti i1 1 IIi 11 o f ,I I 'in ft r) -

I o u I' o t r -,- it n-, T.e o.l

I . f ''fl1 i ''~ 'i elecic i! neA-ioiiem- onntiicteit ini

* II t~ii , F. N W17;) Vcl1uti' for '"c iiriiig, !qj111 L,-
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fluxgyate magnetom-eters 50 are used to determine Ifrom magnetic deflections.

Particle fluxes, in approximately' the energy range 10 el' to 30 kel', aire measured

bY means of continuous channel electron multipliers (channeltrons) placed behind

electrostatic energry-analyzers. 51

It is useful to explain thle format of high-latitude data presented in the followingyVsubsections by providinga an example of thle simplest kinds of electric fie-lds a1nd

mag:,netic field deflections expected to he measured by instrumentation on a potlar-

orb~iting satellite. Figrure 1l~a shows the trajectoryv of a satellite in circular polaIr

orlbit with the ascending node at the dusk (1800 I.T) meridian. \Ve define a1 satellite

centered coordinate system; k is positive along the satellite velocit-y;A isz positive'

toward local nadir; Y completes the righit-hand system. In the dawn -iisl meridian,

5is positive in the antisunward direction. \t higrh latitudes in fte northe-rn (southern)

1, niisphere, we approximate Hi as being alongy the -4(-) 7, xs Fimire 14a also; sho'.v

dusk-to-dawn electric fie~lds in the auroral ovals, and uniform dawn-to-rhisk, electric

fields across the polar caps. The convective electric field reverses(- directionc neair

the polew.%ard liounilarav of the au-roral oval, and groes to 7rm at the equatorward

'hie gvri eqitati ens are current rentinuiity - 1g. (22)-, Oli,,''s 1r .at i. (201

andh dhe Maxwell entuatien

00

In Ote inifinite cuirre-nt sheitet itnproxi, eattion, tlioe o n'itiono "''a. 1)" retoc'
1 f

c'1itillat'- i , 1' -erhire to)

r- I Is then lofloeotien of thelip a wntti c f l-, h:4u to) , aOl i s te lii ut -

initegrated I elr' 'nrtr i'. -: nit ni'nlocal non -it theo 'Ia': <de

and n~ai' locail 'a irhnizlht at the h harang 'Ii scetinif cul'wrc- theore -are( <i nifi cant

'I \r 51OiL, .,m *.-ua T\ . (1T" 'ti 'iiy~a 'antc 'airn ts of
field ilisrne'l crlre'itq ait 200n ''i- in ~t~l imi'r l rte le : nitil isuls

.T.( enir ;. Re- 711-rl32 .

[ran, I .(1]flr,7) Initial observaitions- f low-len gu lectrons in the ea-rth's
mamlitosllire ithi TC (()i 1 onixs . lies-. 7,2:1 f;

)2. V idy*X., WeX. -T., -ele\,I. C* , Saflet's , *, ;<siuyn
MI. S., hairry, 1). \., and Rich, F.. . (1fl201 Fffects of ighl i i;
duutivity on oliserveil convection electric fieldj In(I 1i rhel and ciirrenl <,

.1.C opiesc. lies . l5fP 1
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Figure 14. (a) Field-Aligned Currents and Electric Fields as Seen by a Polar-
)rbitina Satellite in the Dawn-D~usk M\eridian. (h) Idealized Electric Field and

Maanetic Perturbation AMeasurements

diveruences of the ionospheric llaVI current, 1Eq. Or()) is a verv useful -appro\i-

mation. It tells us that for a uniformlyv conductina ionosphere, fluctuations in the

transverse maemetic field component should track, variations in the meridional com-

ponent of the electric field. Deviations from correlated variations aire due to the

53. flostoker, (;. (19l80) AMaanetospheric and inonheric currentsq in the ar,?
cap and their dependence on the Ry omnponent of the interplanetary i-.ac-
netic field, T. E;eophliys. Res. 115:41 G7.



presence of conductivity gradients. Figure 14b is a plot of EX and A N expected

over a full orbit assuming a uniform ionospheric conductivity. Positive (negative)

slopes in IBY correspond to regions of current into (out of) the ionosphere. Thus,

due to the divergence of ionospheric Pedersen currents, a field-aligned current

(F-XC) should flow into the ionosphere at the equatorward boundary of the dusk-side

oval and out at the poleward boundary. The morning side oval currents have the

opposite polarity. If there are significant Pedersen currents across the polar cap,

the poleward FAC system should be of greater intensity than the equatorward system.

In the following subsections, Y3.. is given as a function of time rather than dis-

tance. Since satellites at ionospheric altitudes travel at speeds of- 7 kmfsec,

Eq. (35) can be transformed to Lfive a convenient expression for

0 113 Y (nT) (37)

0 -=.113 3 t(sec)

\ current of 1- corresponds to a locally unbalanced flux of 10'0 cm 2 sec.
01 2

Finally, in both the polar cap and the auroral oval we refer to small- and

larue-scale structures. Small-scale structures have latitudinal dimensions of a

few tens of kilometers or less. They are traversed hv satellites in a few seconds.

Discrete arcs and inverted-Vs are examples of small-scale structures. Tnrve-

scale systems have latitudinal dimensions -reater than 100 km. The T' field and

field-alirned current svstems shown in Fifure 1-lb are of largye scale.

6. H ' % I' IIICI'II N ICS

This section treats three topics: (1) 1areo-scale electric field pntternq,

(2) electro~n precipitation morphologies, and (3) characteristics of discrete,

sun-ali gned arcs- in the polar cap. Here we use the term "polar cap" to

des i nate the portion of tlhe high-latitude ionnsphere containin" nlyv open marv-
netic field lines. I'recipitatinE" partieles n We se f'ield lines sPul n

t-irect macnet, I owath (,ri £in. IVxcept possillv during periods of northwaird

inte rplaneta rv mnianetic fieldI, cold ionosphei-, pl,.snn hou ld convect in te

antisunwa rd direction under the influence of i dawn-to-du 4: electric field.

3,9
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6.1 Late-Scale Electric Field Patterns

Table 1 lists the six polar orbiting satellites launched to date that were capa-

ble of measuring ionospheric electric fields. Data from the double-probe experiment

Table 1. Satellites Capable of Measuring Electric Fields

INITIAL TYPE3SA TE-LLITE LAUNCH-DATE INCLINATION APOGEE (kmn) INSTRUMENT

Injun 5 Aug 1968 81 0 2550 double
probe

000-6 June 1969 82 0 1600 double
probe

*AL-C Dec 1973 68 0 4000 drift
meter

AE-U Oct 1975 900 4000 drift
meter

S3-2 Dec 1975 96 0 1550 double
probe

83-3 Aug 1976 98 0 8050 double
probe_

rn? In iun 7) confirmed the existence of convective reversals near the poleward bound -

rie.- of thie auiroral oval. \n inclination of G8 -allowed the \trnospheric Explorer

(1 \I -(* -riftmeter to) measure convective drifts in the oval, but uqually rn" in the

tdi-cakp. [hie \1V -I) satellite had an i!- ination of 00 , , ut failed about four months

Lflt 1 innch . Initiallv, the orbit w as close to the noon -ridni zlht meridian; it

* n i' in ~erltmeward dawn -dusk. Because of the Mil altitude of S3-3, its apovee

tt ehon mnst useful for ider fvinc the small -scale features of auroral arc

nr invpte'l-V phenomena. The 01-land .13 -2 satellitesz spent sufficient periods

f t i:-- ne 'n the cla:in -skmeridian to identi fv, the main 1 arge-scale- features of

1." U'-Cm t convect ion,.

* a' :.en ~of 1" mlea-sured I)-, 0CC)- at northern (sumrmer) hi Lyh latitudes

!1",* riV(.n inl I icoire 1-). 1 :xcept for smnall -scale variations, the main features of

x~ eF el - p tt-r. ms re found ini the mnr,-fl oval. The exmplI in the top

in
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CROSS-POLAR CAP JUNE,1969
ELECTRIC FIELD PATTERNS OGO-6

NORTHERN SOUTHERN IMF
HEMISPHERE HEMISPHERE STRUCTURE

EVENING MORNING MORNING EVENING

B 9 I v'rm

O 1800

F

I~iriire 1. TYpes of Electric Field Patterns Observed by 000-6, and Their
Dependence on the rnterplaneta- Magnetic Field fl, and F Y

l)ur'inthe last three months of l76, the .;3-2 orbit was close to the dawn-dusk

meridian. linire 17 is a scatter plot of Ileppner's patterns observed in S3-2 data

* :i :a function of I~kT I\ land 1 _. It is seen that \ and 1 types are found only when

I\ 0. [or both ()C()-( and ,3-2, X types are only found in the summer hemi-

.phere, and are associated with the IAdF polarity that tends to produce strong F

fields alon, the evening flank of the polar cap. The occurrence ratio of A to B

wa.s 2:1 in 5,'- 2 data; the \ to I) ratio was 3:1 in Tune i 09, 000-6 data. The

* (Iependence of I) types on 1 . (upper right plot) aarees with 000-6. The type F

patterns were found when l . n. The distribution of 11, 1), and F patterns tends

42
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Figure 17. Scatter P'lot of Convective Electric Field Patterns Observ'ed hv .S3-2
as a Function of I\IF I P andI

to confirm the critical role of Ia.' Asre of 1,3-2 neasuremeonts shox'.s thit

\, B1, 1), and F ty,,pes are found when 1B z 0. 51 ni'. Typco T shows no correlation

with 13, or I-' . The hihvirre~yular electric fields are found only, when R7B 0l.

I' , pe I patterns, are dis cussed further in connection with polar-capII arcs.

\n example of ain ".-field pqttern that was found in approx-himatelv hailf of tho

summnar polar-cap passes,: of S,3-2, when BR 0. 7 ni', is show n in Fivmire IR.

During the S3-2) Rev 521 southern hick-latitude pass 11 7 wns meas*uredj asq -. (1 nT.

\s expected for drivinc sunward convection in the aurorail oa,7w drce

Friis -Christe-nse(n, F. , I asse,;n, 1K. , Will jeli T., , Wilcox-, . V Xl
G;on7a-le'7, XW., and Colburn, 1). S, (1 072) Criticail con~nn( of tlle inter-
planetary ivaunotic field rosponsilfe for la-rgre comac~otic event,

.1* ;eoh~. es.77:2271.

3(~.Burk, X. .1,Eelleyv, AT. C. , 5
;acalvii, B. C. , Vmdy . , aind T -ii, '-. T.

W) 79) P ol ar cap) f-lectric fiold sctructure .-ith a no rtliwa-rd in e rnl anet arv

I'lwieticfif~d, (eorhvs. 34-.TIt. 621
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Figure 18. Ilxampie of Sunward Convection and a Dusk-to-Dawn Electric Field in
the Central Polar Cap During a Period of 'Northern TATF. The da-wn and dusk sides
of the auroral zone 1,\. Z. ) arc indicated. Ionospheric plasma flo-w vectors are
illdiceated in the hottom panel hY arrows

ftPolO (Ilisk to1 dawn. \t the pci eward hound arv of the oval, 1'.1 revere]plit,

'eel 'minu dawn -to -dusk near the mlorni na and eveni na flanks of the polar cap.

\ thinl the( cent ral pci :r cap, 1: was dlirectedl from dusk to dawn. Sunward! con-

vectinn in thec central polar cap is incon.sistent withi a viscous interaction model.

It *. I I IIal\ I'll -icat i i (-ii~tcq~lwri (- -1 1 a ~ l w wIIn ic 210 iiallu l
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]northward Bz is consistent with ground magnetometer 5 8 and laboratory simula-

tion 5 9 results.
The cross-polar-cap potential A.c can be derived from satellite electric field

measurements, and is an important parameter for magnetospheric modeling. This

potential (in volts) gives the rate (in webers/sec) that magnetic flux is transferred

from the day to the night side of the magnetosphere. Based on two weeks of OGO-6
60data, Heppner found that the average A) increased from 20 to 100 kV as the

magnetic index Kp increased from 0 to 6. There were individual cases in which

(P significantly exceeded 100 kV.leiff et al. - analyzed 32 measurements of _ pc from UE-C and AF-D as a
function of various solar wind and IMF parameters. To calculate merging rates

that account for compression of the IMF in the magnetosheath, the value of 1 at

the magnetopause was set at the lesser of 8 times its solar wind value, or 60 nT.

The latter value was taken as typical of the earth's field near the subsolar magneto-

pause. Althouah the best agreement was found with theoretical merging rates, a

high correlation was found with -\kasofu's 62 parameter. Figure 19 shows that in

the U. measurements '(D varied from 30 to 150 kV. This implies that 30 kV

cannot be accounted for by merging. Such a potential greatly exceeds the potential
G 3

across the boundary layer theoretically estimated by Hill, and measured at iono-
plieic ltitdesby midd etal.52

spheric altitudes by Smiddy et al. The upper limit of - 150 kV is much less than

the cross-magnetosphere potential drop (A)sw ) in the solar wind. With V S = 400

km/-sec, and Ik, = -SnT, the Y component of the electric field in the solar wind is

2 mV/m (=12. 8 kV/R :). For a magnetospheric diameter of 30 R E at the dawn-dusk

meridian, _ 1,14 1-.V.

58. laezawa, K. (1970,) lagnetospheric convection induced by the positive and
negative Z components of the interplanetary magnetic field: quantitative
analysis using polar cap magnetic records, J. (S;eophys. Res. 81 :2289.

59. Podqornv, 1. NT., Dubinin, F. V., and Potanin, Yu. N. (19)78) The magnetic
field on the magnetospheric boundary from laboratory simulation data,
G eophys. Res. L.ett. t:207.

60. Heppner, .J. P. (1077) Empirical models of high-latitude electric fields,
.J. (;eoph-s. Res. 12:1115.

61. Reiff, 1). H., Spiro, R. \V., and Hill, T. XV. (1981) Dependence of polar-cap
potential drop on interplanetary parameters, J. (Geophys. Res. 80:7635.

4'2. \kasofu, S. -1. (1978) Interplanetary energy flux associated with magneto-
spheric substorms, Planet. Space Sci. 27.427.

H3. till, T. XV. (1079) Generation of the magnetospheric electric field, in
Quantitative Modelling of Magnetospheric Processes, W. P. Olson, rd.,
\(;I- \ionraph 21, \Vashinpton, D. C., p. 207.
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Fiure 19. Cross-Polar-Cap Potential as a Function of Solar Wind Parameter C

6.2 Iohi. (Gip Irev.ilpihlfliton

I'article fluxes into the polar ionosphere are conveniently divided into high and

low ener*, components. lneraetic particles from solar flares can seriously dis-

rupt the polar ionosphere; these are important during magnetic storm periods. The

flux levels of low-energy protons in the polar cap are below the sensitivity levels of

existinj dete ctors. WVinningham and EHeikkila identified three classes of low-

,nergv electron precipitation: polar rain, polar showers, and polar squalls.

Polar rain is a relatively uniform type of precipitation that can fill the entire

* polar cap. Particles have mean thermal energies of- 100 eV, and are isotropicallv

distributed outside the atmospheric loss cone. The energy fluxes carried by these
particles range from 10 2 to 10 - 3 erg/cm see, two to three orders of magnitude

less than typical auroral energy fluxes. The highest enerffy fluxes for polar rain

0

r,l. Winninham, .. P., and IleikIia, k. T. l 974) Polar cap auroral electron
fluxes ohserved with Isis 1, .T. Ceoph7.s. Res. 79:94,).
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occur during periods of geomagnetic activity. Figure 20 Is a plot of precipitating

electron spectra, measured in the dayside cusp and in the polar rain. The simi-

* larity in spectral shape suggests that polar rain particles are of direct magneto-

sheath origin. Particle fluxes measured in the lobes of the magnetotail indicate

ORBIT 1176

150 7CLEFT> 03: 31: 54 UT)

E

w

z 0

POLAR RAIN

(03:28:34 UT)

10 10 2  10 3  104

ELECTRON ENERGY (eV)

Figurc 20. Tv pical Differential Spectra for the Polar Rain and Cleft Precipitation
()bserved on ()rbit 1176 on IF Mav 1969

;5. \!eng, C. -1., and Kroel, II. XV. (1977) Intense uniform precipitation of low-

energy electrons over the polar cap, J. (,eophys. Res. 83:2105.
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that polar rain electrons enter the magnetosphere at a great distance downstream

from the earth. The efficiency of the entry process is modulated by the polarity

of the IMF. Yaeger and Frank 6 6 found that fluxes of soft electrons in the northern

lobe of the tail increased by more than an order of magnitude when the IMF was in

an away (I\ < 0) sector. There is also evidence suggesting a T\. influence. Meng
67et al. found that the intensity of polar rain fluxes is strongest near the flank of

the polar cap along which convection is strongest.

Polar showers are characterized by locally enhanced fluxes of precipitating

electrons with mean energies of- 1 keV. These electron structures are embedded

in broader regions of polar rain. They are thought to he responsible for sun-

aligned arcs in the polar cap, and are discussed further under that heading.

Polar squalls are described by Winningham and Heikkila as localized, intense

fluxes of electrons that have undergone field-aligned accelerations of several kV.

They are found in the polar cap during geomagnetic storms. Foster and
6ur..s8, 69

13urro-rs 68 have reported observing fluxes of electrons into the polar cap that

are sp trally identical to those found in polar squalls. These fluxes, however,

were observed to be widely and uniformly distributed over the polar cap. like

squall particles, they were observed during the recovery phases of magnetic storms.

These fluxes also appear to be modulated by the polarity of the IMF. While intense

fluxes of keV electrons were measured in the northern polar cap, only polar rain

was detected in the southern hemisphere. Figure 21 is a plot of particle fluxes

measured in the polar rain and extended squalls by TSIS 2, and nearly simultaneous

measurements of electron fluxes in the magnetosheath and the tail lobe from VYT..\ 5.
66

Foster and Burrows argue from the near isotropv of the keV particles in the rpolar

cap, and t:ie absence of keV electrons in the magnetnsheath, that the electrons were

accelerated along magnetic field lines at a great distance from the earth in the
m1a znet osphe re.

. aeger, D. l., and Vrani:, I.. \. (In7) .0v-energolectrnn intensities at
largec distances over the earth's polar cap, T, e(-oply.. PTies. III :2o(°

G 7. len L, C. -1., \kasofu, T. -1., and \nderson, 1
K. \. (1n77))awn-dusI nrdi-

ent of the precipitation of lm-enern- electrons4 over the polar can and its
relation to the internlanetarv magnetic field, T. ;eo hv . o . 113:-,27 1.

4 2l. V ~tr, C. (., ird lu rrovws, T. I?. (197 (1) 11 octron fluxes over the polar
cap I, intenso 1:eV fluires during poststorn- quieting, .T° ooh °  ie-.

n . Ilosti, I. (., and IJurrows, 1j. (1 '17 7) 1:lectron fluxes ove-r the nolar
cap -, electron trapping and enerfgi7ation on open field line, . copiws.
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Finure 21. Differential l~ectron F:nerov Spectra *\easured in the Ponlar C"ap (Solidl
C'urves), and in the 'Pail lobe and the A\T anetoshieath (Dashed Cutrves;). The magneto-

sath mensuirem-ent was, mde at -13 h on 9 March, teti oemaueeta
-~0h on I I\larch, the polar cap mneasurement -it -1 G l on 10 Marchi, and tlie polar

rain measurement at -- II h on 9 March. The polar cap specvtra display a more or
lespronounced hiuh-enerL'v tail relative to the maunetoshleatlh2 7

Inves;tiimations of discrete arcs in the polar cap have shown that polar cap aIrcs

tend to he 4un -ali Erned, -ind are miost frequently obs-erved dlurincr periodls of marmetic.

quietina, when the lII las a northward component. Visbl arcs are cawoIsdy

pre cipita-ting~ electrons with eInorgfiPs of -- 2 keV. \nother class of s;uhvi,,mual nrcs

70. Ismail, S *, Wallis, D. D. , and C-orper, 1T. T.. (1077) Characteris tics of
polar' s un-a]i rnorl Rrs .;ep~.les. 812:471l.



are produced] at F-layer altitudes by electrons with energies of a few hundred eV. 7 1

Ilere we illustrate many of the known characteristics of polar-cap arcs using data

from the U'SAF satellites .93-2 and DNTSP (Defense INeteorological Satellite Prolzram).

\t the times of interest, both satellites were in orbits close to the dawn-dusk meni-

ian. S3-2 measured EN, ll, (described above), and fluxes of electrons with ener-

gies between 50 eV and 17 keV. DATSP satellites are tbree-axis stabilized, and are

in circular, sun-synchronous orbit at an altitude of 840 km. All T)\TSP satellites

are equipped with scanning, optical imagers. 72Some, but not all, are also equip-

ped with spectrometei's that look toward local zenith, and measure fluxes of elec-

trons with energies between 50 eV and 20 keyV.

Figure 22 is a cartoon tbat represents, in magetic latitude and local time,
conmposites of visible imraqeryv from DM.SP/Fl and? T).\TSP/T2 taken over the nortbe~rn

bern isphere during a period of maglnetic qluietinq on 12 December 11077. qolidl,

s;traight lines- _Aive the portions of F2 trajectories dluring hc electron data1 wo.re

t-aken. T'o the righit of each cartoon, the hojurly average values of ISIF T,.and T,.

are represe nted. During the initial periond of southward I17' the polar cap was

cleair of vis ible erni.sioos, aond only, uniform, polar rain fluxes were deptected.

N pproxirnatelN one hour after the IMFV turned northward, .sun-alionedl arcs wr

found in the nolar rap. Polair cap rcs pers is;ted until the, T'\TF raain turnedl mith-

\d.n hour after a second northwv.arrl turningr of R ;7, 1arcs returned to the polar

cap. T) I' he sun-aligned arcs w:ere embedded in a reL~ion of bnigh-densitv (- 0. 1 cm- 3)

polar rain. Wkithin the arc, the uip-lookingr D'\IS1 spectrometer dletected three spec-

tral comnponi-nts, a cold (100 eV) higyh-density (1. 5 cm) population, a poakedl pri-

marv dis-tribuition itha tern perature of 0250 eV\ that had been accoe rated throuh a

potential drop of 750 a'.-o-nts-, and a siecondarv and/or degradedl pci marY population.

1'4irch et ali. 71found that the lo-%.-enrn- comnponent was hig!hly field-aligned ove-r

polar s ho%%ers. The secondary and aiccelerated primary populations were nearly

s.-ot ropic in pitch anL'rl .

i ' uire 2:1 g7ives n. plot of [:X# * R., the directional flux of electrons (cm- sec

-t, 1) i nd? electirn pitch anorlecz measuired dutringy ' -2 R~ev 53221 a.,- functins~ of

71. V, (-her, 1V. T. , and I iuchaui, .T. (101)) Polar cap F-larer auiroras, Cleophv's.

72. I'ather, R. I. (1070) DM 'calibraition, .T_(;eophvs.__Pies'. R1:41 34.

0 .",. IHarri, 1). ., Burke, %\. T., and Cussenhoven, Vl. S. (I 021 DTWP optical
and t-lectron measu;iremients in the vicinity of polar cap arcs , . Ceoph-

7 1. 1 i1rchl, . -'. , I'iel ds-, S. \ -, ad Tleelis-, R. N. (1070)) Plola-r rap electron
acceleration cc LO ns, J1. i ;eophbs. R~es.hI 5

Sn
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Figure 22. Cartoon Representation of Sequential DMSP Iigh-I atitude Imagery on
12 December 1977

invariant latitude, magnetic local time, and altitude. The pass occurred while tho

satellite was near apoeee over the north polar cap where it passed within l ' of the

magnetic pole along the dawn-dusk meridian. The IME X, Y, and 7 components

were -3.7, 3.8, and 7.4 n'T, respectively. \s compared with the ideali7Pd meas-

urements of Fiure 14h, F, and 9 were highlv irregular. Recall that in the

northern hemisphere, I N positive corresponds to stnward convection; i.. is out of

the ionosphere in regions where L I. has a negative slope. E ig1ht reLions of nega-

tive slope in Iy accompanied by enhanced electron fluxes are noted in Figure 23.

ks evidenced by their beinQ embedded in polar rain, Events 3 througrh 7 lie in the

polar cap.
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Fig-ure 23. The Dawn-to-Dusk Electric Field Component, and the Transverse
'\lavnetic F'ield Deflection (Tleavy' T~ine, Top Panel). The directional electron
flux and pitch angles (bottom panel). Data were taken over the winter polar cap
with IAT \1 northward

1Event G3 has been analyzed in detail by Burke et al. 75It was shown that the
2

field-aligned current out of the ionosphere had an intensity of 2. 8 u.\fm , and was

carried bY electrons with a temperature of 200 eV that had been accelerated through

a potontial drop of -~ 1 kV. A nearly isotropic pitch angle distribution of electrons

across E-vent n3 suggests a field-aligned potential drop extending for large distances
2

along i. The measured electron energy fluxes of 2. .5 ± 0. 5 erasfc'm sec ster

were sufficient to produce a visible arc. Figure 24 gives an idealized, two-

dimensional projection of the electric fields and currents associated with Event 63.

75. Bur-ke, W. ., G;ussenhoven, XIl. S., Nele 1ev, AT. C. , Hardy, D. N., and
Rich, F-. .1. (1982) Electric and magnetic field characteri stics of discrete
arcs in the polar cap, .T. (,eoplivs. R~es. 187:2431.
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\s. predicted bY lYons, 7G, 77' the arc is in a rerrion of negative electric field

7. 1 HOll %l. 0)% %l, lK1IRlOl)~ N kMIlCS

'he auroral oval is a revion of closed maunetic field lines mappina through the

plasma sheet. Ionospheric plaisma convection should he mostly in the sunward

dlirection. \eair local midniiqtit (noon) strona equatorward (poleward) convection

cool pin.'nt :ire expectefld

he stock-in-trade vocaliularY of a contemporar.y auroral physicist is replete

with termis such is 'inverted-es ''''iffuse aurora, h "eams and

conics, ''etc. These termis describe distinct auroral processes first reported! in

the 19)70s. Vhese new phenomena defyv adequate sutmmation in this section. Here

we cons-ider three mrain topics (1) alobal auroral mnrpholoqY, (2) phenomena asso-

ciated with inverted -V events, and (3) suhstornis. I nder the heading of Mlohal

emorpholocY, we treat the sy,,stematics of largre-cale, field-ali uned current svstems,

ain( the equatorw;i rd Iondary-, of diffus-e auroral precipitation.

a'l v, riPv 1 ehl~l fi el'i-al i rned current (F \tC) sv.stem for periods of hi gh

T- i-n,-ti(' :rtil it,, is shown in Fi~iirr I% T* i iima- --in Potor,-ii- 70 dofin o

I (i) a r' (, f I' N neair tieplet, oiatr.xmd portion of tbe

1iil. In t:), ' O Pvl -etor, irrent flow % irn the iou lolrv inl Remonn 2,

Tml, .w it, f'Ir i-I olritv (,f ourrent Flox' V rovor-ed in the o'orninm oc

t, r. -iti-1l ,fI tl- , ciur'ut -~ n f order 1 \fr' -. rrents out of the

T- r -!-- I,; \ wriniittlr *I-lrtron. it is le-ve th't (roll

11 T 0)I'l- To -1' 0i eto tli, -q-'~notosoh're carlv thie riirr.'nt into

I r, [ I~(f 'r' K' f I (i-c ''rom f lTT"or-il cuirr-nt-,
I1qi rct hlti1 ii! 1r err-oi l i mfrn v, tilt ier ur f' tlhe ronvr tioll

1 rf ir fiol'' 1, k. r '. If.- 17

T. f 1 (111 ) V i ,f' lir( il-rt rerlt of' it) infor'.' ! ii

old ,. iit.* f ( f 11 it ' i nI t~wr o of Ira% ilti -

-it- ., TI .j ri . ; u x



the ionosphere. IKlumpar sofound that the equatorward boundary of Region 2 is co-
terminus with diffuse aurora] electron precipitation in the post-midnight sector. In

the evenina sector, Region 2 extends -20 equatorward of the electron precipitation

1)ound arv.

Near local midniglht and noon, large-scale FACs are their most complex.

TiLuuro 27 sow that near midnight the mornina-side Region 1 current overlaps

100 ALI >' 100

60 12 6

4.0 14 10

70,

20' '4 20' 'I '4

22 2 2?2

:1m 27. \ S-um o crv of the 1)1stri hution anid Flow Directions of I arge -Scale
Vl- lunold (urrnts Dotoro med Prom (a) D-)Ita (tained From 4'lfl Passes of

!ii Mi rinr \DacIti turhel ('onrlitins, aind (h) Datat CDtained From 3lIr) Triad

V~fifi~i(H Iirion 1. No simultaneoujs electri- field and majnetic field rneas-

2 roionts4 lyive 1 en reported -ve(t from this, rertinn. It is e-xpected, howiever, that

tht m rpholo ca%- of these F V' s can Iw Understood in terms4 of latitudinal variations

Sof the eloctri c fi 'Id just prior to 1local midlnic~ht. 2laxnard nishowed that in the laite

(f.euifLr sector, th', larrro-scale convective electric field is, direted poleward in the,

( 1'wl rw'.arrl part if th' oval. It rotates th rou rh wes t across- the TI.-ira-nc dci scontinfu -

it%, to 4almrtorv:ardl in the poeadpart of the oval. T'erser~~n currents driven in

5 ~ ~ ~ ~ 0 M1 lip-r ) . (1 97)) lilntienshIips4 Ioa'nairorail particle disztrihutions
id mcutrfiold p'rturhitions as/ ocii''?! withi field alimcried currents,

C1* 2livi I . W'74) I -- ti fj,,pr! .. ' l'-r .....nt - rro<s theo llaran dL s
coutiurl in: *, 0 0% ~ I 79: 1 0



the ionosphere converge from both sides on the Harang discontinuity. To maintain

an overall divergence-free curi -nt system, current must flow into the ionosphere

at both the equatorward and poleward boundaries of the oval, and out of the iono-

sphere near the Htarang discontinuity. These are the essential features found near

Vmidnight in Figure 25.

In the vicinity of the dayside cusp, an extra FAC system has been observed

poleward of Region 1. Its polarity is opposite to that of the nearby Region 1 current.

In the northern (southern) hemisphere it appears only on the afternoon (morning)

side of noon when 7ITF B < 0, and only on the morning (afternoon) side when IMF

1yV > 0.82 Simultaneous electric and magnetic field measurements from the TTSAF

satellite S3-2, in the region of the dayside cusp, suggest that the extra FAC system

lies entirely on open, newly merged magnetic field lines that are being dragged
83

toward the dusk or dawn flank of the polar cap.

7.2 Ihe Iv;iao'wiird Ilnidiia,' o1 tihe Auroral ONal

In the previous section it was pointed out that the inner edge of the plasma

sheet, or zero-energy \lfven boundary., maps to the equatorward boundary of dif-

fuse auroral precipitation. More than four thousand crossings of this boundary

hav been anal.zed using" data from an upward-looking electron spectrometer on

Cthe polar-orbiting I S.\" satellites DMSP/F2 and DMSP/F4. The corrected geo-

,aienotic latitudes of the boundaries (A CC-\T) were studied as functions of magnetic
loCal time (Tll.l) and Np. Kp is a 3 h index of magnetic activity compiled from

:1 Worldwide net.ork of mid-latitude magnetometer stations. Results of linear

v cli. ')i P ir , H. , ! r-ro,,, I. I., and Wilson, Al. ). (1)71)) l.arge-scale
i'r.tic fi. 1 rI r-ti :ion.s aid particle moasuroments at 1400 km on the

• : . ," ,, "I. ",., i , '! ., fl ur o, V. .1., nnd Snidd.dy, AT. (1981) Field-
!1i r!i- I Pt. irrt , il . detr ic fiolds in the ro ion of the dayside cusp,

80 -,



h

from available \TLT sectors, are given in Tables 2 and 3 along with correlation
84

coefficients. T'sinq the manetic field model of Fairfield and Mead, the auroral

boundaries were projected to the magnetospheric equatorial plane. Figure 26 is a

plot of projected boundary positions (open circles), in comparison with predictions

of the Volland-Stern electric field model3 6 (solid line) and the injection boundary of

Mauk and Mlclwain (dashed lines). Best fits are obtained for a shaping factor v 2.

Table 2. Regression Coefficients for Auroral Boundaries in the Morninq Sector

North South

MLT 0 N cc Aa 0N cc0 0

0400-05U0 67.4 -1.35 171 -0.58
0500-0600 67.8 -1.87 365 -0.75
0600-0700 68.5 -1.96 403 -0.82 67.4 -1.67 376 -0.74
0700-0800 70.2 -2.15 367 -0.83 68.3 -1.97 411 -0.81
(M0- 0900 68.7 -1.88 302 -0.72
)900-1000 69.1 -1.64 217 -0.67

Tqale 3. Hem-cssion Coefficients for \uroral Boundaries in the Evening Sector

North South

MLT 0 N cc a N cc01 0

I600-1700 71.3 -1.19 107 -0.65
i 70- 1800 70.1 -1.20 256 -0.69
1800-1900 71.6 -2.00 103 -0.90 70.6 -1.60 327 -0.80
1900-2000 71.2 -1.96 426 -0.89 70.0 -1.82 447 -0.87
2'A00-2IOU 69.4 -1.85 452 -0.82 69.5 -1.89 345 -0.84
2100-2200 61,.7 -1.66 556 -0.83
2?0-2300 68.3 -1.79 184 -0.63

84. P'airfield, 1). if., and \lead, G. 1). (1975) Magnetospheric mappina with a
qtiantitativo -eooniagnetic field model, T. Geophys. Res. 80:F35.

85. Mauk-, R. f., and Mcllwain, C. F. (1974) Correlations of Kp with substorm
injected plasnia boundary, J. (eophys. Res. 79:3193.
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. further analysis has been performed correlating the boundary data and

hourly averaged solar wind and IMF measurements. The most significant results

were obtained when A ,,, was correlated with the interplanetary electric field

V fZ for the hour preceding the boundary measurement, subject to the condition

I11/ 1 nT. Correlation parameters are summarized in Table 4. To compare the

'able 4. The Intercepts (A0 ), Slopes, Correlation Coefficients (cc), and Sample
Sizes (N) for the Tinear Regression of the Boundary Location With V117 in Each
Magnetic Local Time Zone, With a 1 h Delay in the Value of the Interplanetarv
Magnetic Field (HUF) Ised

North Pole South Pole

MLT n Slope cc N \ Slope cc N

u400-050O 65.1 3.28 0.52 43
0500-0600 63.6 1.94 0.61 110

0600-0700 64.2 1.80 0.70 105 64.4 1.70 0.56 124
* 0700-0800 66.1 2.56 0.68 85 63.7 1.95 0.,1 94
000-0900 65.1 2.27 0.69 68

* Y0()- 1000 65.5 1.74 0.74 3F
I) o- 1 100 5 1. 0.44 0. 9 1'l

* 1000- 1700 60). ,
,/iu-I <00) U .h 3m '( " /

1A' 1900 16.6 '.4' 0.81 ,4 bi.2 .60
1900-:)000 67.3 1.io [).68 1I3 L)I.0 1.tI .II eA1

DO 65.. 1 ./ (.A ..
6,(5. ..

S Itr, ; , l).

S.

6 . } 
I
I [ 1 , l



with Vil in mnV/rn. This allows us to express the rnagnetospheric potential as a

function of V B3.

BOT :)= P 2  r) (66+ 2. 2 VB 17) 10 T 4 -, 2 -n (41)

NMI.

Tlo test the validityv of this equation it is possihie to calculate the cross-

maunoetospheric potential drop (14)m), and crmpare it with mneasuredl cross-polar-

caLp potential drops (,4 P ).

Tlo estimate 'c r, we use the position and shape of the magnetopause in the

equmatorial plane O~rven bY *\lclwain. 87In this repre sent ati on, the rnapetopause

lies at a (li.sance rof I11 lB near the suhsolar point, and flares to a distance of

15 51. ;,t the daw,.n-dlusk meridian. We i~rnore storm-time compressions of the

miaf'neto.sphere in the calculations. Two, methods of calculatina cf) are usedl.IT
The first method sets -0= 0 in Jrq. (40), makinq the axis of symmetry. the dawn-

'is:meridian. T'he second methodl uses empirical values of , i ven in Figure 26.
Il'r .1 =: 0, the ai is tilted writh the dusk stagnation point 21" to the niahtward

'K f the da%'.n-dis: meridian. For hlicher values of Np, the stacoation point

rot-des <ein'.,ar'], roachinr a constant value of -15 for N > 2. Tn Timire 27, we

ha:ve -iketched! the axsof syvmmetrv, indicatior ,ipproxiT-ate dIistances to the dlawn

v lir' 'usi: -i!xof theo ma rnetopause for Np = 0, 1, 2, and! :.2
In [1 ure- 28', c~. is plotted'ias a fuinction of T-'p, VR.B anr! R,. 7 R is posi-

iv ve '' interpl aneta,-: & sactric fi eld is directerl fro," rlaw:n to hi (positive Y
iifindlilar _eoorentrir, solar-magnetosnhe-ic coor'hnlate s). Vailue of 1, a .re,

11-riv-l' ' r''' 'e -i s''r wind! sneer! of .Innm/ec T1,P~ol' line alu

Ia re~. - 1,(.- 0; tha' s the da%,n-hi.'I - nilianr V t0- a%-i of' ',11-',trv.

ti 1 (, Cp. lorroae linearly: from- G. 7,8 for In = 0, -n I-'. fr Fr = 8

1'lo -, '' ire ie'!ic Jte valOues of '4 ':s-in-' ei'onirio. l v ru f ain! -vxec of

10Ili i-l-lirr 27. In these ralcutlation , 4) r-inL- from 5.

fri .1 (1,t 'IF !5:. for FII. = r). 'Ao note that in thes e calculation: theore i- an
atV 01 r.ti're ith tree', of (P neair In 2. This is r1no to our in'hipnderlntlv,

1lore f"C'reiir in I~i'1l. 21, wehave lsoj; olotter' -i-er'-'e vaue f

(I1-de lill-i - f!:ection o-f IFe vi'!i two.- '--eels. of (i( o- lectrir ripl'l r-e'-

C.t~ f)- orm foe th~at cD incren ,rl linearlv fro'),- Y0 I . for T'r 0

I'll 1:1 A li = . t revailuo- of 1lb, theDli'oale of -It 'In n o inzlir-e

7. crI re, 1. 1172) l'a-m' cevctic'l ir H- Jrjniilv- of £' o vcrl-noi,

o-ie!tI IT- I, li ' n r c't , - ol el r. I T'.
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IOiPOiw 27. I'Juaitorial A\Iavnetopause With istances Mlona Axes of Symmetry
for ri oi V L 4 oi f I'f

h O-v 1'w of -inel -we ronsidi.-ra-hlv lesthan Tleppner's :4 With vausOf

-1 for I' ' 1) an 4 d -c PCare of romparahie magnitudes. In a time aver-

I'l . ) We Iv -D III are coupledl througrh the, process of magnetic reconnection

in rh'- t-:ignmotrt'l. The two quantities must ho roughly the same since, on averae,

the Iitent or im:m -tic flux transferred to the niulhtside magnetosphere must equal

ftw wi urt het fL returnmed to the (laysi(Ie m aenetosphere.

Vf enlpirisize that these- Lire "average-' results in the sense that they represent

1-,i<~t .qmrIsfits to the datan. llepprner rpointed out tha-t 4P frequentl-y exceeds

100 I:V \ urin-y periods4 of high Np. Similarl-v, in bo0th PMIS11 houndaries, for cases

( FI~wr no Aiv, P :1d Nh Kp respectivelv, tho 1latitude of the houndarvY is often

?-ticli lower th'in the :iveragre. Since suchi cases; correspond to the Alfven houndaryY

Ijwim close ir than averagre to the earth, thev also correspond to Potentials exceeding
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Djffutse auroral electron precipitation is fairly uniform, and isotropicallv

distributed. In the polewnrd portion of the oval, electron fluxe; -ire more spatiallv

.striltur(I, and are often field alianed. Discrete, optical arcs nre the moqt strik-

* inu, nanifes tation of the structuring process. Tlhe dominant structural features of

olectron fluxes observed with polar orbitine saitellites are the so-calOled inverted-V

.;trurtu res-. Thes.,e st ructuires. are latitudinally narrow (-~ I-) hands of electron

precipitation that inrease., in avorna enercn' from a few huindred eV to qseverail lieV,

then return to a few hundred (,V. Mi( )n enerel-ti me spectroaram s they have the

*shapes- oif inverted Vs. \ilthotiah individual inverted -V structures have been

VP* rank, 1,. \. , and \ckorson, 1k. I.. (19~71) ( )hervntions; of chaired particle
precipitation into the auroral 7one, I1 ep.Pe. 7() :3rl 12.
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identified with ground-observed discrete arcs, the general relationship between

the two phenomena is not clear. Inverted-Vs have latitudinal dimensions of several

hundred kin, whereas optical arcs have typical widths of I to 10 km. 9 0

ITin and Hioffman 91have studied the global distribution of inverted-V structures,

and the pitch-angle distrihution of electrons within them. Figure 29 is an event

occurrence map of 280 inverted-V structures observed with the AF.-D satellite.

AE-O
"INVERTED V" EVENT OCCURREN1CE MAP

01 0110 2

... .cesn ..T...n.Frnk.. 22(02 oreae aeliemaue

ni03t 211~-nr lcrnpeiiaio n rudhsdosrain
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This map shows that inverted-Vs are found throughout the high-latitude region.

They appear predominantly in the late evening sector, and are absent from the late

pre-noon MLT sector.

The pitch-angle distribution of electrons measured over an inverted-V event

is given in Figure 30. This spectrogram gives the ratio of field-aligned flux at a

AE-D 75309 FLUX RATIO SPECTROGRAM FLUX RATIO
25

2I STEPPED -7/60 < 0.910 - ( 0.9 , 1.1)
5 - .1. 2.0)

2 >20

10

L 05

02

1008 00 1008 30
UNIVERSAL TIME

F"igure 30. Spectrogram Displaying the Flux Ratios at 7' and 60° of an Inverted-V
1vent. The flux ratios are separated into four categories as shown in the upper
right corner

given energy, to the flux at pitch angles of r00 . The heavN- black line vives the

energ at which the maximum differential flux was measured. Note that the energy

of the peak flux rises to 3 keV at 1008:05 VT then decreases to - 0. 5 keV 20

seconds later. \t the energy of the peak flux, the electrons are field-alia'ned,

whereas those with higher energies are isotropic over the downeomint hemisphere.

This distribution is consistent with the electrons having been accelerated through

0 a field-aligned potential drop at an altitude above the point of observation. 92 Flec-

trons with energies less than that of the peak show highly complex pitch-anele

di.ntrihutions. Some of these electrons are secondaries and degraded primaries

trapped between a magnetic mirror point and an electrostatic potential harrier.

>,wnw of the low-energY electrons are highly field-aligned, suggesting th-t they are

I 2. :vans, 1). S. (197-1) Precipitating electron fluxes formed by a magnetic field-
aligned potential difference, .To Geophvs. Bes. 79:2R5.

S,
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accelerated electrons of ionospheric origin. If so, the complexity of their distri-

bution suggests that the field-aligned potential drop is varying temporally, and/or

spatially.

One of the most exciting developments of the 1970s was the development of

direct evidence for the existence of field-aligned potential drops from measure-

ments by instrumentation on the S3-3 satellite. The observational work of the

University of California, Berkeley group is summarized by Mozer.

The highly eccentric orbit of S3-3 carried it to altitudes of - 8000 km above

the auroral ionosphere. This is a hitherto unexplored region. At these altitudes,

very intense electric field structures were observed. An example given in

Figure 31 shows electric fields at 8000 km reaching 400 mV/m, and undergoing

00 6 SEPTEMBER 1976 S3-3 ORBIT 475

E 200 (a) i
E > 0-

E -200- 2
"400 ,400

-(b) J 0L 200 E[ Y 1-200 E
-400

UNIVERSAL TIME 0240 0300 0320

ALTITUDE, km 7593 8042 7465

MAG. LOCAL TIME 18.7 17.6 14.7
INV. LAT. Dqres 61.0 71.5 79.5

Figure 31. \n lExample of a Rapid flectric Field Reversal Observed at 8000 km

rapid reversals. If mapped, assumina I: • 1i = 0, to auroral arc altitudes, the

electric field intensities would he of the order of 1000 mV/m, and the latitudinal

width of the structure would he < 10 km. This is a typical width of a discrete opti-

cal arc. The electric field intensity, however, ureatlY exceeds that measured in

the lower ionosphere. l.'or this reason, it is armied that there must he a potential

drop aflon marrnetic field lines that accelerate plasma sheet electrons to form arcs.

These elect-ic field ctructures have heen ohserved at all altitudes dovn to

1 1o) :1m. They are mo.tlv found ab'oe 1000 kls. C'omparisons of S?-3 electric

3 . \h,'.e , !". V . (1 ;WI) I'lhe low altitude electric fi old structure of discrete
iil'rmr::1 r ., n l 'hv ics of \urorail \rr Feri ation, S. -T. \lk-isofu, 1'd.
\I Hon(r:r1Thf '2, i\ashinrton, I). (... :,n}. I:I, I 1 2.



field measurements with simultaneous rneasurem-nts from other instruments on

the spacecraft show that the electric field structvires are embedded in regions

of hydrogen cyclotron, electrostatic wave turhulenc e that are colocated with in-

verted-V precipitation structures. Within the electric field reversals, we find

fluxes of field-aligned electrons going into, and FT + and 0 +ions going out of, the

ionosphere. The specific morphology, of these structures is still under active

study~. An understanding of how these structures extend up to altitudes of 25, 000 km

will be one of thle first fruits of the Dynamics Explorer-A satellite, launched in the
summer of 1981.

No overview of hiah-latitude electrodynamics would he complete without some

comiment, no matter how cursory, on suhstorms. It is during suhstorms that the(

dlynamic coupling between the magnetosphere and ionosphere is mlost Striking.

Despite intensive studies of suhstorm processes over the last fifteen rears, the

4 richness of the observations has made total agreement on what constitutes the

essential elements of a substorm elusive.

TPhe evolution of discrete auroral arcs in the I1i -evening sector as synopqi7e'd

from all-sky camera data by kasofu, 94is -oiver ii 1 'iaure 32. T'nder pre-substorm

conditions, homogeneous arcs extending for thousands of kilomneters in the east-

west direction are found in the oval, and sun-alivned arcs are found in thle polar cap.

Suhstormi onset is announced h1v a brightening of the most equatorward arc. Trhe

dis;crete arcs, expand poleward, and westward-travelina surges develop in the eve-

Iiin_,Z sector. After expanding to sonie maximium latitude, the arcs slo-wl-y retreat

tovard their ore - substormr condition.

TIo resolve dlifferences, between various schools of thiought, nine active investi-

,ators; met in \u-nust 10~7,3 to: (1) specifv substorm signatures, and (2) unamiigi-

ouAslv define w,,ords cornim only (often differently) used~ to describeo sulls tornl proco-

ess 'e S. Major points of affreemrent were:

(1) During extended periods of northward IMF, the magrnetosphere quiets

*and asymptoticallyv approaches a ground s;tate.

(2) \s thle lAIF turns s;outhlward, m lafnetospheric convectionincae. 'is

enhanced convection can exist for s-omle timre prior to ;btrlost

* 04. \kasofu, S. -1. (196~4) Trhe development of thle auroral .substornv, Planet.
Space Sci. 12:27.

[ awasaki, 1K., I .ui, \. T1. V., VoMillierronn, R, V., and C. 'I'.,
(1920) Magnetospheric substoro .s-; -delfi nition.s -and si-crnatiirf-, .
Re-;. : h .



(3) Substorm onset is signaled by an explosive increase in luminosity of the

most equatorward arc, an intensification of the auroral electrojet, and a

burst of micropulsation. The burst of micropulsation testifies to the ex-

plosive nature of the onset process in the magnetospheric source region.

(4) The expansion phase occurs from onset to the time when the midnight

sector arcs have undergone their most poleward excursions. Note that,

in this definition, -multiple intensifications of the substorm process, each

marked by a micropulsation burst, are allowed.

(5) The recovery phase coincides with the period in which midnight sector arcs

retreat equatorward.

ece

C 0

Figrure 32. Schematic Diagram to Illustrate the Dex elopment of the \tiroral Sub-
storm. The center of the concentric circles in each staae is the north peomacgnetic
pole, and the sun is toward the top of the diaaran

,7



The substorm signatures dealt with in the August 1978 meeting are observable

from ground-based instrumentation. Except for the micropulsation bursts, the

signatures are of ionospl.eric effects whose causes lie in the magnetosphere. \

key observation for understanding how substorms may be triggered comes from

numerous satellites at geostationary altitude. During pre-substorm periods the

night.i le magnetic field at G. 7 R F takes on a tail-like configuration. \t substorm

onset, the magnetic field rapidly recovers its normal, nearly dipolar, confiqnration.

Simultaneouslv, hot plasma sheet particles, with no dispersion, are injected.

To explain the observations, the following scenario has been pieced together.

(1) \t a southward turning of the TMF, magnetic flux is transferred

from the day to the night side of the magnetosphere. This process

proceeds for about half an hour in which potential energy, in the form

of stored magnetic flux, builds up in the tail. During this period, the

neutral sheet current moves earthward to - 10 R E leading to a tail-like

field geometry at 6.7 R17_ Recall that discrete arcs map to the boundary

plasma sheet, rather than the central plasma sheet. Thus, the most

*equatorward arc maps to a region near the inner edge of the neutral

sheet current.

(2) \t substorm onset, tile neutral sheet current near the irner edge of tile

houndary plasma sheet is diverted via field-aligned currents through

the ionosphere. This leads to a collapse of the inner portion of the

tail. In the ionosphere, part of the energy released in the collapse

of the tail appears as an explosive brightening of the most equatorward

arc. \s the inner-tail field lines snap back to dipolar, plasma sheet

electrons are rapidll accelerated hY inductive electric fields, and are

iniected to the vicinity of !zeostationarv distance. The process con-

tinues while R remains southward.

(3) When the TM F turns northward, the rate of flllx tran.sfer derreas,,

abruptly. If the TATF maintains a northward component for onsi der.hlo

time, the potential energy stored in the tail is sl owlv iisip'te1, and

the Ira,_wtosthere relaxes toward a "'Lround stnte.

It. C MI'. l ll s

This treatise prnvides :in introductory um1nr: of .hqt i 1(,. l' t .

ele 'trodvnalics of the manetosphere, and the hi gh-latitud iruo , ,,'

to tht. launch of the t)vnamic- 1Vxplorer satellitos. ()hr -n,- 1 iT' c "1'"n -. 1 ,""

of theoretical m lI,,ls and in situ ol'ervation.s. In :i onnji itivt ,e ic

* 91
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( able to explain the Lrross features of magnetospheric processes. For example, a

set of MUHD equations has been used successfully to calculate the equilibrium shape

of the maganetopause. IHowever, the microphysics of how (if) mavnetic merving

occurs at the maanetopause, and how particles cross the magnetopause to form

the houndarv layer, are not Yet understood. An essentially ATHTD model for couplinv

hetween the ionosphere and nagmetosphere 44has heen applied to succ~essfully simu-

late suhstorm effect.,- in the inner plasma sheet, andl the low-latitudle portion of the

auiroral oval. '114 I'lhus, adiahatic enerqi7ation is an important and well-understoodl

mauoetos4pheric proces-s. O~ther enereJization processes, rissociated with reconnec-

tioo in the ma~rnetotail, are not understood. The role of parallel electric fields for

the formation of auroral arcs was experimentallY established in the 1 170s*4 Comn-

qpetina theoretical models of how . parallel electric fields; form in a collisionless

plasm a fill the lite rature. TFhe list of particle suce ss old 7o on and on.

With the -rift of hindsighit, it is interestingr to examine thie -worl- of cartographors

from the mid-seventeenth century. Tlhe mixed fruiits; of explT)orations spTanning t.'

hutndred ye-tars ace evident. I-lurope, the Mdiddle I~s,\frica.-, and th- eastern

4shores of the \mericas aire mapped with exquisite detail. ',hapes assignedl to the

\ 010rican es co:IAts and to the' nations of east \ .si a ranfro froml ,-ince to fancifull.

( 41r own position, twenty% vears into the ago of satellite ex7,ploration, is analogous to

Fi at of sev)noent -cnur~O pmaes.S eParts of the, P- a net osphere -

ionosphere sytmare %%ell expl ored. (ii, undo rst-andi n of ot her Iiiv po tant parts

is- haseCd oin fracolentarv data samples, and leaves much to he deird.Tndouhtedlv,

reader l's ' few diorad, henswce will find p' anx of our idoias4 as~c cm-iintIv ariiising as the

sevntenth-cetu x Faceof Jaipan. To thos-e w.o.view rartogrranhv, orspc

110.- I05aS(~ia~ -Mt 0processes, this is a scandlalous, situatio-n. Fethiose: invo-lvedI

in the prcess, it i. theo e7,citement of exploration.



(SYMBHOLS AND LSSR

Mlanetic Vector potential

Nlf.e la~r (7cmo ener~r%) Boundary between open and closed] electric equipoten-
tials in the magnetosphere. It is believed to mark the earthward
rhoundlar'; of the plasma sheet.

:r 'Pi F e in tantaneous location of auroral particle precipitation

\rcelerated, upward moving-ions observed at altitudes > 40)00 km
-heve iuroral arcs with maximum fluxes alonv the maunetic field

Vjijnotijc Field

I) jol r!,01'aLrnetic field of the earth

1.1 Lrneti c Field strenath ait mirror point

WL Ii zmti( F ieold -itrenpth in ma~rnetotail

i ota]l i-u ,netic field at marroetopause

IiC -' creleratel ionospheric ions that are frequent]': obs erver! at alti -
to e 2000 km irovinu tip auroral magnetic field lines alIth "a~

flrie~t pitch anrles, between 0 " and 00,.

Dif)fii- alirfe ra llel-at ivol': uniformr precipitation of electrons and rrnteins -
rou r~e u a<r asheet.

)o,l 1 'lair N spatiallx' confinedi reorion of potential drop frequientl\- obsrved-P
in lIltora-tnrY pla-eoas. They are possibly responsible for fiold-

limr]potrential dlrops that occur above auroral arcs.

Total enero-v of a particle

- l~rmrz~-neeulod for a particle to unrierao resonant scattoring

V I'I pcrir c iel l

(oivortive electric field

4 nrotxition electric field

I v'j tr:1or Itern.-te namie for the interior cuspn 'ohere rmagnetoshpath eler-
tron-, Lain uliffuse( entry-, to the maynotos phore

Iii i'anle h oundarx in the m iuni r~it s ector between the %.oestwarrd and
di <ronti fluita u- tar el ectro jets

f IfoiLrlit intelratecl current

I NI IInterplanetary maanetic field



(2 Inverted-V Latitudinally narrow C~ 1. 00) bands of electron precipitation thatincrease in average energy from a few hundred eV to several keV
andJ then return to a few hundred eV. On time-energy spectrograms
they have the shape of inverted Vs.

J pds - the longitudinal invariant of particle motion in a force field

j Current density

K Planetary 3-hour index of magnetic activity compiled from a world-
P wide network of mid-latitude magnetometer stations

T, Distance from the center of the earth measured in earth radii

Low Latitude A thin (- 0. 5 RE) layer inside the magnetopause characterized by
Boundary closed magnetic field lines and magnetosheath plasma flowing in
T,ayer the antisunward direction

M Magnetic moment vector of the earth

m pmass of a proton

* Magnetosheath Region of shocked solar wind plasma flow

1 S 1S E '

A
n M 10Unit normal, directed outward from magnetosphere

n Solar wind density

1' Total pressure tensor

Pse Thermal pressure due to solar wind electrons

P.i Thermal pressure due to solar wind ions

I'lasma mantle \ region of antisunward, field-aligned plasma flow observed in-
side the magnetosphere in the region of open magnetic field lines

l'itrh \ngle The angle between a particle's velocity and the local magnetic
field vector

! 'lasnia Sheet \ spatially thin region between the central plasma sheet and the
kolindary lobes of the magnetotail. The region is often marked by signifi-
I.aver cant fiold-aligned plasma flows

It ladius of curvature of magnetic field lines

I. Vl:arth Radius

II Radius of magnetotail

I {H Distance to the stagnation point where corotation and convective
electric fields cancel exactlv

Si: I;encentrie solar ecliptic coordinates

S\1 (;eocentric solar nagnetospheric coordinates
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TF Maxwell stress tensor

VI, Z component of interplanetary magnetic field multiplied by its
velocity. This quantity is also referred to as the interplanetary
electric field

V V C  Drift velocity due to magnetic field line curvature

Vl) Drift velocity

V l:Drift velocity due to electric field

Drift velocity due to magnetic field gradient

V Neutral wind velocity

V Solar wind velocity

Pitch angle

4 u Pitch angle of a particle at the magnetic equator

\ngle of atmospheric loss cone shaping factor

Parameter giving the level of electrical shielding of the magneto-
sphere from the convective dawn-to-dusk electric field

( larameter used bY \kasofu, vB 2 sin4 (6/2)

, quatorward boundary of diffuse auroral precipitation (see Alfven
boundary)

.1 Magnetic moment

l'ermittivity of free space

Conductivitv tensor

P'edersen conductivity

Al:h'ctrical potential

c1 ('ro.s-magnetospheric potential drop

('ross-polar cap potential drop

local time, anale measured from midnight

Inclination of magnetic field lines

O4.' \.]I - the flux invariant of energetic particle motion

\nrtlar spin velocity of the Farth

7:3
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